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General introduction and
outline of this thesis

Chapter 1

General introduction and outline of this thesis
“Walking is man’s best medicine” stated Hippocrates (460BC-337BC) over 2,000 years ago.
This statement still holds true, but over time the human population has become more and
more inactive. Especially in the past decades, automation was developed, transportation
was motorized and most occupations evolved into desk-work. This has resulted in an inactive
lifestyle and currently physical inactivity (i.e. lack of regular exercise performance, see box
for precise definitions) is amongst the leading cardiovascular risk factors and accountable
for 6% of the global cardiovascular disease burden (1). Cardiovascular disorders accounted
for 17.5 million deaths in 2015, which represents 31% of all global deaths (2). Morris et
al. showed already in 1953 in his famous “bus drivers study” that the physically active
conductors had a lower cardiovascular risk compared to the sedentary bus drivers (3). Still,
even with clear evidence that exercise promotes cardiovascular health, many people do
not perform regular exercise. Nowadays, 53.5% of the Dutch population fails to meet the
current physical activity guidelines (i.e. 150 minutes of exercise per week, with twice a week
muscle strengthening exercises) (4). More strikingly, only 36.6% of people aged ≥65 years
meets this criterion. The fact that age is a major risk factor for cardiovascular disease stresses
the need to search for alternatives to get people moving and to lower cardiovascular risk.
In addition to the detrimental impact of physical inactivity, in recent years increasing
evidence supports the theory that high levels of sedentary behaviour have adverse
consequences for cardiovascular health. Sedentary behaviour and physical inactivity are
not similar. As physical inactivity concerns lack of regular (moderate-to-vigorous) intensity
physical activity, sedentary behaviour relates to too much sitting (Figure 1). Sedentary
behaviour is defined as any waking behaviour in a sitting, reclining or lying posture with an

Key definitions relevant in this thesis
Sedentary behaviour: any waking behaviour in a sitting, reclining or lying posture
with an energy expenditure below 1.5 metabolic equivalents. In general this means that
any time a person is sitting or lying down, he/she is engaged in sedentary behaviour.
Physical activity: any bodily movement produced by skeletal muscles that results in
energy expenditure. Physical activity could be divided in light-intensity (e.g. standing,
walking), moderate-intensity (hiking, cycling) and high-intensity (e.g. running,
competitive soccer) physical activities.
Exercise: physical activity that requires a higher energy expenditure and is planned,
structured, and repetitive for the purpose of conditioning any part of the body. Exercise
is used to improve health, maintain fitness and is important as a means of physical
rehabilitation.
Physical inactivity: lack of regular exercise performance.
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energy expenditure below 1.5 metabolic equivalents. Sedentary behaviour is a significant
problem in the Western society, illustrated by the fact that the Dutch population sits on
average 9 hours per day (5). In 2012, Van der Ploeg et al. showed that, independent of
engagement in moderate-to-vigorous physical activity, higher levels of sedentary behaviour
were associated with increased risk for (cardiovascular) death (6). More recently, Ekelund et
al. investigated the dose-response relation of both exercise and sedentary behaviour with
cardiovascular disease and concluded that only high levels (i.e. about 60-75 minutes per day)
of moderate-intensity physical activity eliminate the increased risk of sedentary behaviour
(7). This finding suggests that for the majority of our population, and especially people at
risk for cardiovascular disease, sedentary behaviour is an important factor contributing to
the development of cardiovascular disease and that, therefore, sedentary behaviour is a
potential target for intervention strategies.

Figure 1: The physical activity spectrum.

Effect of sedentary behaviour on traditional cardiovascular risk factors
Large epidemiological studies assessed associations between traditional risk factors and
sedentary behaviour. Among others, high levels of sedentary behaviour are associated with
higher body mass index (8), waist circumference (8, 9), blood pressure (8-10), inflammatory
markers (11), lower high-density lipoprotein (HDL) cholesterol levels (8, 12), and impaired
glucose tolerance (9) (Figure 2). To gain more insight in the development of these risk factors,
studies have been performed to examine the acute effects of prolonged sitting. In general,
participants were exposed to a sedentary bout of 3‑6 hours, during which no movements of
the legs were allowed. The results showed an increase in blood pressure (13) and a decrease
in insulin sensitivity (14, 15) after these prolonged sedentary episodes. In addition to these
short-term studies, longitudinal studies have evaluated whether people with high levels
of sedentary behaviour are at increased risk for developing (cardiovascular) disease over
time. A study with more than 14 years follow-up has reported that the time spent sitting
was prospectively associated with an increased risk of developing diabetes among obese
women (16). In another study, increases in sedentary behaviour over a 6-years period were
associated with increases in body mass index and percent body fat (17). In summary, crosssectional, acute, and longitudinal studies link prolonged sedentary behaviour to increased
cardiovascular risk.
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Figure 2: Cardiovascular effects of sedentary behaviour

The pathophysiological mechanisms that underlie the adverse effects of sedentary behaviour
are currently unknown and so far research has focussed mainly on healthy populations.
Thus, studies are needed in subjects with increased risk for cardiovascular disease, who
might have different responses to sitting, because of underlying vascular or metabolic
dysfunction (18). Prospective studies are needed to further evaluate changes in sedentary
behaviour and how this relate to adaptations in traditional cardiovascular risk factors, since
long term effects of (reducing) sedentary behaviour might differ from acute findings. Finally,
in-depth analysis of molecular pathways is needed to further reveal factors causing the
above-mentioned detrimental effects of sedentary behaviour on cardiovascular risk.

Sedentary behaviour: the relevance of blood flow for vascular adaptation
One important factor in the link between sedentary behaviour and cardiovascular disease
might be vascular function and blood flow. Vascular changes rapidly occur during sedentary
behaviour. After one hour of uninterrupted sitting popliteal artery blood flow is decreased
and shear rates are lowered (19, 20), whereas after three hours a decline in endothelial
function of the superficial femoral artery is observed (21). The impact of reduced blood flow
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and thus lower shear rates during prolonged sedentary bouts might be key factors in the
link between sedentary behaviour and decreased vascular function. This is further illustrated
by the fact that heating of the lower limb (i.e. increasing blood flow) during a sedentary
bout increases mean shear rates in the popliteal artery and prevents the typical decline in
popliteal artery vascular function during prolonged sitting (19). Similarly, small fidgeting
leg movements cause increases in shear rates and prevent a decline in endothelial function
in the popliteal artery (22). These studies highlight the relevance of maintaining adequate
blood flow to preserve vascular health. Importantly, vascular adaptations might precede
other changes in cardiovascular risk factors (Figure 3).
Next to lower and upper leg vasculature, sitting related vascular impairments are observed
elsewhere in the body. Cross‑sectional data highlight associations between vascular
structure and sedentary time. Higher levels of sedentary behaviour are associated with a
lower ankle brachial index (23), higher arterial stiffness (24) and larger carotid intima‑media
thickness (25). Apart from associations with vascular structure, studies on the acute effect
of sedentary behaviour have revealed changes in vascular function in other parts of the
body. For instance, brachial artery shear rates were decreased after 6 hours of prolonged
sitting, but no changes in endothelial function were observed (20). Carter et al investigated
cerebral blood flow before and after prolonged sitting bouts and found a lower cerebral
blood flow after 3 hours of sitting (26). Moreover, cerebral autoregulation, which represents
cerebrovascular function, declined after an acute bout of prolonged sitting (26). Together,
this data stresses the relation between vascular adaptations and sedentary behaviour, not
only in the lower extremities, but also in other vascular beds.

Figure 3: Potential mechanisms by which reduced sitting and frequent light‑intensity physical activity
bouts might prevent cardiovascular disease. ROS: reactive oxygen species, NO: nitric oxide.
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Can we target sedentary behaviour?
Given the detrimental effects of sedentary behaviour, the question arises whether we can
effectively reduce sedentary behaviour. Several studies have investigated how to decrease
sedentary behaviour (27-29). Interventions range from personalized coaching to smart
watches and from sit-stand working desks to ‘lunch’-walking groups. For example, an
8-week intervention was able to decrease sedentary time by 80 minutes per 8 hour workday
(29). In addition, an intervention using height adjustable workstations and coaching
sessions resulted in a decrease of 83 minutes sitting per workday (30). However, it should
be stressed that many of these studies specifically focussed on a working population and
aimed to reduce sedentary time during work time. Interestingly, an intervention successfully
decreasing sedentary behaviour during work time, revealed that leisure sedentary time
increased in the same period (31). This suggests that specific approaches are needed to
lower work time and leisure time sedentary behaviour to prevent compensatory effects.
A meta-analysis evaluating 17 randomised controlled trials aiming to lower sedentary time
found that sedentary time at <3 months, >3 to 6 months and >6 months was reduced by
-42 min/day, -37 min/day and -2 min/day respectively (28). This illustrates the difficulty of
lowering total daily sedentary time, especially on the long term.

Targeting sedentary behaviour: reduce total sitting time or increase activity
breaks?
To design future interventions, it is important to determine whether high levels of sitting
time or the lack of a beneficial stimulus (i.e. light-intensity physical activity) is driving the
negative effects of sedentary behaviour. Short bouts of light‑intensity physical activity are
known to increase blood flow and shear rates. These stimuli might, when applied at regular
intervals, promote cardiovascular health. Studies which investigated the impact of short
bouts of light-intensity physical activity during a prolonged sitting episode have shown
that short walking bouts prevent the decline in vascular function (21). Furthermore, the
increase in blood pressure is absent when prolonged sitting is briefly interrupted by walking
(13). Some studies focussing on metabolic outcomes investigated the type of break that
is needed to prevent adverse effects of sitting. Interestingly, breaks of moderate-intensity
physical activity are not more successful in lowering glucose levels compared to light‑intensity
walking bouts (15). This finding was confirmed by a meta-analysis, which found that the
intensity of activity breaks does not modify the effect on postprandial glucose and insulin
(32). It has been investigated whether the total duration or the frequency of physical activity
bouts is more relevant. Regular short walking bouts were found to be more effective in
lowering postprandial glucose and insulin levels compared to a single 30 minute walking
bout combined with uninterrupted sitting (33). In addition, short duration frequent walking
bouts, rather than less frequent longer walking bouts were found to prevent a decrease
in cerebral blood flow during uninterrupted sitting (26). This highlights the importance
of frequent, short bouts of light‑intensity physical activity and might indicate that lack
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of frequent (light-intensity) physical activity is the key factor that translates prolonged
sedentary behaviour to an elevated cardiovascular risk.
It is intriguing why even very short bouts of light-intensity physical activity prevent the
negative effects of prolonged sitting periods (15, 21). Light‑intensity physical activity bouts
induce higher blood flow towards the muscles in the active areas. Due to these increases
in flow, shear levels increase, resulting in the production of nitric oxide (34) (Figure 3).
This in turn causes relaxation of smooth muscle cells and improves vascular function (35).
Moreover, prolonged sitting bouts lower shear rates (20), which is thought to induce
oxidative stress (e.g. production of reactive oxygen species (ROS)) (36). Production of ROS
is regarded as an important component in cardiovascular disease development (37), as it
relates to inflammation and impaired insulin sensitivity (38). Moreover, antioxidant intake
prevents the typical decline in endothelial function as observed during prolonged sitting
(39). Consequently, we hypothesize that short walking periods increase shear rates and
lower ROS production, and thereby improve vascular function, inflammatory status and
insulin sensitivity. Up to now, the long-term effects of sedentary behaviour on vascular
function, metabolic status and inflammation have not been investigated.

Outline of this thesis
Despite increased awareness of the importance of exercise training over the past decades,
incidence of physical inactivity keeps increasing. Given the recent observations regarding the
impact of sedentary behaviour, reducing sedentary behaviour may represent a novel strategy
to improve cardiovascular risk. More specifically, people with increased cardiovascular risk
(especially those who have difficulties with adhering to physical activity guidelines and
performing regular exercise), may benefit from being less sedentary. Several questions
remain unanswered about the prevalence, importance and mechanisms of (changes in)
sedentary behaviour (Figure 4). Therefore, the aim of this thesis is to investigate the impact

Figure 4: Questions about the prevalence, importance and mechanisms underlying the impact of
(changing) sedentary behaviour.
13
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of reduced sedentary behaviour in improving cardiovascular risk factors in participants with
already elevated cardiovascular risk.
Exercise training studies show on average improvements in cardiovascular risk factors, but
there is a large inter-individual variation in the response (40). To better understand this
large variation in the response to exercise training, we first assessed individual differences
in responses of cardiovascular risk factors to endurance exercise training. The results are
provided in Chapter 2. We evaluated the relation between changes in physical fitness
and changes in individual cardiovascular risk factors. This is important since results might
highlight subgroups that show limited improvement in fitness, but could still benefit in other
cardiovascular risk factors.
The impact of sedentary behaviour on cardiovascular diseases is well established, but the
mechanisms are unclear. As a first step, in Chapter 3, we performed a review study of
current literature to provide more information on mediating mechanisms for the relation
between sedentary behaviour and cardiovascular disease and to highlight non‑investigated
areas in current literature, which provide opportunities for future studies.
Past decade, a rapidly increasing number of studies is investigating sedentary behaviour.
Studies that rely on epidemiologic data typically use questionnaires to evaluate sedentary
behaviour characteristics. However, questionnaires importantly differ in both number of
questions and way of questioning. Chapter 4 represents a systematic review article which
aimed to evaluate both validity and reproducibility of sedentary behaviour questionnaires.
This information is important for future studies examining the area of sedentary behaviour.
To further assess the importance of sedentary behaviour in relation to (cardiovascular)
diseases, and to benefit from the knowledge obtained in Chapters 3 and 4, sedentary
behaviour characteristics were investigated in clinically relevant patient groups. First, Chapter
5 describes sedentary behaviour and physical activity characteristics of ambulatory and
community-dwelling dementia patients compared to cognitively healthy matched controls.
Next, Chapter 6 explores the longitudinal relationship between sedentary behaviour and
weight gain in type 2 diabetes patients who initiated insulin therapy.
To understand underlying mechanisms and potential benefits of reduced sitting, in
Chapter 7 we examined the chronic and acute impact of reduced sitting on vascular and
cerebrovascular function. Participants received a 16-week reduced sitting intervention
and vascular and cerebrovascular function were assessed before and after intervention.
To evaluate the acute impact of sedentary behaviour, we evaluated the effects of 3-hour
sitting, with and without frequent physical activity breaks before and after intervention.
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Chapter 8 presents the results of a subsample of this intervention study where the effect
of a 16-weeks reduced sitting intervention on the inflammatory profile of leukocytes was
investigated. More specifically, peripheral blood mononuclear cells were evaluated on their
pro- and anti- atherosclerotic properties.
Finally, Chapter 9 summarizes the findings of each chapter. Here we discuss how our
findings relate to current literature, evaluate methodological considerations, highlight
clinical implications and provide future research directions.
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Abstract
Objectives The purpose of this study was to assess whether changes in physical fitness
relate to changes in cardiovascular risk factors following standardized, centre-based and
supervised exercise training programs in subjects with increased cardiovascular risk.
Methods We pooled data from exercise training studies of subjects with increased
cardiovascular risk (n=166) who underwent 8-52 weeks endurance training. We determined
fitness (i.e. peak oxygen uptake) and traditional cardiovascular risk factors (body mass index,
blood pressure, total cholesterol, high density lipoprotein cholesterol), before and after
training. We divided subjects into quartiles based on improvement in fitness and examined
whether these groups differed in terms of risk factors. Associations between changes in
fitness and in cardiovascular risk factors were further tested using Pearson correlations.
Results Significant heterogeneity was apparent in the improvement of fitness and individual
risk factors, with non-responder rates of 17% for fitness, 44% for body mass index, 33%
for mean arterial pressure, 49% for total cholesterol and 49% for high-density lipoprotein
cholesterol. Neither the number, nor the magnitude, of change in cardiovascular risk factors
differed significantly between quartiles of fitness change. Changes in fitness were not
correlated with changes in cardiovascular risk factors (all P>0.05).
Conclusion Our data suggest that significant heterogeneity exists in changes in peak
oxygen uptake after training, whilst improvement in fitness did not relate to improvement
in cardiovascular risk factors. In subjects with increased cardiovascular risk, improvements in
fitness are not obligatory for training-induced improvements in cardiovascular risk factors.
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Introduction
Cardiovascular (CV) diseases remain the world’s leading causes of mortality and morbidity.
Regular exercise lowers the risk for initial CV events (1, 2), whilst cardiac rehabilitation
lowers CV mortality (3), highlighting the benefits of regular exercise training for primary and
secondary prevention of CV diseases.
Changes in CV risk factors contribute, at least in part, to the cardioprotective effects of
regular exercise training (4, 5). Exercise training is associated with relatively modest, but
significant, improvements in blood pressure (6), total cholesterol (7), high-density lipoprotein
(HDL) cholesterol (8), glucose homeostasis (9-11), and body weight (12). In addition, traininginduced changes in fitness strongly and independently relate to lower cardiovascular risk
(13-16). Interestingly, heterogeneity is present regarding individual changes in both CV risk
factors and physical fitness after training and some subjects may even demonstrate adverse
changes to exercise performed at the volume and intensity generally prescribed for public
health benefit (17, 18). Whether such heterogeneity in the magnitude of improvement of
fitness and CV risk factors is also present in subjects at increased cardiovascular risk, is
currently unknown. This is of particular importance, since previous work has reported that
lower pre-training values for fitness, and impaired CV risk factors or vascular function,
are associated with larger training-induced improvements (18). Whether subjects with CV
risk factors exhibit lower non-responder rates to training, or more heterogeneity in the
improvements observed, is currently unknown. It is also unknown whether a change in
physical fitness relates to changes in CV risk factors in subjects with increased CV risk.
The first aim of this study was to examine heterogeneity in changes in fitness and CV risk
factors after a period of centre-based and closely supervised endurance exercise training in
groups at increased CV risk (Aim 1). We hypothesized that a wide variation in the change
in fitness and CV risk factors would exist following training, with superior changes in
those with a higher a priori CV risk. Secondly, we examined the relation between changes
in physical fitness versus cardiovascular risk factors (Aim 2). We hypothesized that the
magnitude of change in fitness would be associated with magnitude of change in CV risk
factors. To explore these hypotheses, we grouped previous studies from our laboratories
in which individuals underwent between 8 and 52 weeks of supervised exercise training.
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Methods
Participants
We selected endurance exercise studies with a training duration ≥8 weeks performed in
our laboratories which met the following criteria: 1) subject characteristics measured pre
and post training); 2) pre-/post-training measurement of traditional CV risk factors, 3) pre-/
post-training measurement of physical fitness by peak oxygen consumption; 4) successful
completion of mod-intensity supervised exercise training; 5) 2-3 sessions/week of 30-60
minutes; 6) a priori increased cardiovascular risk (i.e. preeclampsia history, obesity, type 2
diabetes mellitus, metabolic syndrome, hypercholesterolemia, coronary artery disease, or
middle or older age (≥45 years)); 7) approval of local ethics committee and performed in
accordance with the Declaration of Helsinki. None of the included studies were designed
to elicit weight loss per se. All participants were asked not to change their dietary habits
across the study period. Subjects were excluded when data was incomplete for our primary
outcomes (i.e. BMI, MAP, total cholesterol, HDL cholesterol). Smokers were also excluded. In
total, we collected data from 10 endurance training studies (19-28) involving a total of 166
subjects with a priori increased cardiovascular risk.

Experimental Design
Before and after training, subject characteristics, CV risk factors and physical fitness were
measured. Some studies performed multiple repeated measurements across the training
period. In these studies, we only included pre- and final-training data. Post-training
measurements were performed 1-4 days after the last exercise bout in all cases.

Experimental measures
Subject characteristics. Body mass and height were measured by standard methods.
Blood pressure was measured after ≥5 minutes of supine rest using manual or automated
(Dinamap) sphygmomanometry by a well-trained researcher. In accordance with AHAguidelines, blood pressure was measured at least twice and averaged (29). Fasting total
cholesterol, HDL cholesterol, low-density lipoprotein (LDL) cholesterol, and glucose were
measured at accredited clinical laboratory facilities. Identical procedures were followed
before and after training.
Physical Fitness. Maximal incremental cycle tests were performed to obtain physical
fitness level by peak oxygen consumption as directly measured by gas exchange. Subjects
were instructed to pedal at a constant frequency (>60rpm) whilst workload was stepwise
incremented by 10-25W per 1-3min until voluntary exhaustion. Protocol details were based
on the pre-training physical fitness level and kept similar before and after training. Peak
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oxygen consumption was defined as the highest oxygen uptake, averaged per 30-40
seconds, during the test.
Changes in magnitude and number of CV risk factors. For each modifiable CV risk
factor (BMI, MAP, total cholesterol, HDL cholesterol), we calculated the change in risk factor
after training. Based on the presence of an improvement in each risk factor (pre-post training
difference >0), we calculated the number of CV risk factors that demonstrated improvement.
This analysis resulted in a score ranging from 0 (i.e. no CV risk factor improved) to 4 (i.e. all
CV risk factors improved).
Cardiovascular risk score. We calculated the Framingham risk score (FRS), which predicts
the 10-yr risk for developing CV disease (30). Details of the FRS can be found elsewhere
(30). We also calculated the Lifetime Risk Score (LRS), which predicts the 30-yr risk for
cardiovascular mortality (31, 32). Compared to FRS, the LRS also includes fitness level
(Metabolic equivalents).

Statistical analysis
All analyses were performed using Statistical Package for the Social Sciences (IBM SPSS
Statistics for Windows, Version 21.0. Armonk, NY). Data are presented as means±standard
deviation. Normality of data was examined visually and using skewness and kurtosis (33). For
non-normally distributed data, nonparametric tests were used. To assess effects of training,
Student’s paired t-test or Wilcoxon signed rank test were used. To evaluate heterogeneity in
the magnitude of changes in fitness and CV risk factors, we presented individual changes
for all data. Spearman correlation was assessed between baseline FRS and the number of
CV risk factors that improved after training. Subsequently, individuals were divided into
groups based on the number of CV risk factors that improved after training (≤1, 2, 3 or 4
risk factors). Differences between groups were tested using a one-way analysis of variance
(ANOVA) or Kruskall-Wallis for continuous variables and Chi-square test for categorical
data. Post-hoc tests with Tukey adjustments for multiple testing were used. Parameters
that demonstrated P<0.200 for the comparison across groups were included in a backward
linear regression model to identify predictors that relate to the number of risk factors that
change after training. To confirm the analysis, a forward prediction model was used.
To assess relationships between changes in fitness and CV risk, we divided subjects into
quartiles (Q). We then compared whether the number of CV risk factors that improved
differed across quartiles using a one-way ANOVA. Differences between groups were
analysed using two-way repeated measures ANOVA to examine whether the training effect
(time) differed between quartiles (time * Q). Associations between changes in fitness and
changes in CV risk factors were tested using Pearson correlations. Finally, we performed a
Spearman correlation to assess whether changes in FRS are correlated to changes in LRS.
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Results
Aim 1: Heterogeneity in fitness and CV risk factors response after training
Fitness. A total of 166 subjects successfully completed training (Table 1). Training resulted
in a significant improvement in peak oxygen uptake. We observed marked inter-individual
differences in the magnitude of individual fitness change (Figure 1A, top panel); 16.9%
showed no change, or a decrease in fitness after training. Improvements in peak oxygen
uptake did not differ between individuals with short (i.e. ≤12 weeks) and long-term (i.e.≥26
weeks) training duration (2.1±3.8 ml O2 /min/kg and 2.9±2.4 ml O2 /min/kg respectively,
P=0.249) and non-responder rates did not significantly differ between groups (18.9% and
10.3% respectively, P=0.207).
Table 1. Subject characteristics at baseline and after exercise training (n=166).
Exercise training
Pre

Post

P-value

88.8±19.8

87.9±19.4

<0.001

Characteristics
Age (years)

54±13

Sex (% male)

57

Height (cm)

173±9

Weight (kg)

29.4±5.7

29.1±5.6

<0.001

Systolic Blood Pressure (mmHg)

Body mass index (kg/m )

129±15

125±14

<0.001

Diastolic Blood Pressure (mmHg)

79±10

76±10

<0.001

2

Blood Parameters
Total cholesterol (mmol/l)

5.10±1.18

4.98±1.11

0.016

High-density lipoprotein (mmol/l)

1.23±0.32

1.24±0.32

0.426

Low-density lipoprotein (mmol/l) *

3.20±1.05

3.10±1.00

0.015

Glucose (mmol/l) †

5.99±2.39

5.88±1.99

0.309

Peak oxygen uptake (L O2/min)

2.3±0.5

2.5±0.6

<0.001

Peak oxygen uptake (ml O2/min/kg)

26.1±5.6

28.4±5.9

<0.001

Maximal cycling test

Risk scores
Framingham risk score (%)

13.0±11.3

12.1±10.6

<0.001

Lifetime risk score (%)

20.9±16.2

18.2±14.5

<0.001

Values are means±standard deviation. P-values refer to a paired Student’s t-test for the comparison between
pre- and post-training values. * LDL data was missing for 1 subject and † glucose data for 8 subjects.
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CV risk factors. On average, training caused modest but significant decreases in BMI, systolic
and diastolic blood pressure, total cholesterol and low-density cholesterol at group level,
whilst no changes were found in HDL or glucose (Table 1). Using these CV risk factors, we
calculated Framingham risk score (FRS), which suggested a significant decrease in CV risk after
training (Table 1). Again, substantial variation was present between subjects in the magnitude
of change in CV risk factors and in FRS (Figure 1); no improvement was found in BMI in 44%
of the population, MAP in 33%, total cholesterol in 49% or HDL cholesterol in 49%.

Figure 1: Heterogeneity in peak oxygen uptake (VO2) (A), responses of CV risk factors (Body mass
index (BMI) (B), mean arterial pressure (MAP) (C), total cholesterol (D), High-density lipoprotein (HDL)
cholesterol (E), and Framingham Risk Score (FRS) (F)) after exercise training. Nonresponder and responder
rates are shown in the figures. Quartiles based on change in peak oxygen uptake (Q1: ΔVO2 > 4.5, green;
Q2: 2.1<ΔVO2≤4.5, yellow; Q3: 0.5<ΔVO2≤2.1, orange; Q4: ΔVO2≤0.5, red) are labelled in all panels.
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Number of CV risk factors. Marked heterogeneity was present for the number of CV risk
factors that improved after training. Improvement in 0-1 CV risk factors was observed in
18% of the subjects, while improvement in 2, 3 or 4 CV risk factors was found in 39%, 34%
and 8%, respectively. The number of CV risk factors that improved was not determined by
pre-training FRS, as illustrated by the absence of a correlation between these two parameters
(R=-0.086, P=0.271). To further identify predictors, we compared 4 groups divided based
on improvement in the number of CV risk factors. Only female gender (P=0.008) and higher
LDL cholesterol (P=0.043) were associated with more benefit (Table 2). Linear regression
confirmed that gender (female) and LDL (higher) cholesterol were significant predictors
for improvement of a larger number of CV risk factors after training (R 2=0.092, β=-0.439,
P=0.002 for male gender, β=0.154, P=0.023 for LDL cholesterol). Forward linear regression
confirmed these observations.
Aim 2: No associations between changes in fitness and CV risk factors
Linear regression revealed that low baseline peak oxygen uptake, but not baseline CV risk
factors, was the only predictor for the change in fitness in response to training (R 2=0.045,
β=-0.134, P=0.006). Forward linear regression confirmed this finding, indicating that a
lower baseline fitness level was associated with a larger change in fitness after training. We
found no correlation between the change in fitness and change in individual CV risk factors
or FRS. These findings were confirmed when comparing quartiles for age, sex, (systolic/
diastolic) blood pressure, total cholesterol, high-/low-density lipoproteins, glucose, FRS and
peak oxygen uptake (Table 3). Moreover, we found no differences between quartiles in the
change in individual CV risk factors or in the number of CV risk factors that improved (Figure
1, 2). When we included fitness in the calculation of CV risk, we found a significant decrease
in LRS after training from 20.9±16.2% to 18.2±14.5% (P<0.001). A weak but significant
correlation was found between changes in FRS and LRS (R=0.566, P<0.001). Overall, LRS
showed a larger improvement in CV risk after training than FRS (Figure 3).
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Table 2. Characteristics per group based on number of CV risk factors (ΔCVRF) that increase after
exercise training.
ΔCVRF≤1

ΔCVRF=2

ΔCVRF=3

ΔCVRF=4

P-value

Subjects (n)

30

65

57

14

Age (years)

54±10

55±13

53±13

48±17

0.221

Sex (%male)

83

57

47

43

0.008

Height (cm)

176±7

174±9

172±9

173±8

0.313

Weight (kg)

88.2±19.1

90.2±20.8

87.7±19.9

88.5±17.4

0.906

Body mass index (kg/m2)

28.3±5.1

29.8±5.7

29.5±6.3

29.4±4.3

0.682

Systolic Blood Pressure (mmHg)

126±15

131±15

129±15

126±12

0.503

Diastolic Blood Pressure (mmHg)

76±11

80±10

79±10

80±7

0.363

Total cholesterol (mmol/l)

4.73±1.02

5.01±0.97

5.34±1.39

5.33±1.31

0.099

2

Characteristics

2.3.4

1

1

1

Blood Parameters

High-density lipoprotein (mmol/l)

1.20±0.30

1.21±0.31

1.29±0.37

1.10±0.21

0.189

Low-density lipoprotein (mmol/l)

2.88±1.00

3.07±0.87

3.48±1.191

3.36±1.10

0.043

Glucose (mmol/l)

6.85±2.92

5.99±2.39

5.56±1.67

5.88±3.27

0.130

2.3±0.6

2.3±0.3

2.3±0.5

2.2±0.3

0.960

26.4±6.8

25.5±5.6

26.7±5.3

25.2±3.5

0.619

Framingham risk score (%)

12.1±10.1

15.3±13.2

11.5±9.3

10.4±10.9

0.207

Lifetime risk score (%)

20.0±12.9

23.6±17.1

19.7±16.4

15.3±16.7

0.283

Maximal cycling test
Peak oxygen uptake (L O2/min)
Peak oxygen uptake (ml O2/min/kg)
Risk scores

P-values represent One-Way ANOVA
respectively.

1, 2, 3, 4

Statistically significant differences with ΔCVRF≤1, 2 3 and 4

Discussion
We identified marked heterogeneity in the magnitude of change of physical fitness after
exercise training in subjects with established CV disease or CV risk. We also observed that the
magnitude and number of CV risk factors that improved differs greatly between individuals.
Finally, we found that improvements in fitness were not obligatory for training-induced
improvements in changes in CV risk factors. Together these findings imply that fitness gain
may not directly drive improvement in CV risk factors and, vice versa, that exercise training
can improve CV risk factors, even in the absence of changes in fitness.
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Table 3. Characteristics per quartiles based on increase in peak oxygen uptake (ΔVO2) after exercise
training. P-values represent Two-Way repeated measures ANOVA.
Q1
(ΔVO2 > 4.5)
Pre

Q2
(2.1<ΔVO2≤4.5)

Post

Pre

Post

Characteristics
Subjects (n)

41

41

Age (years)

54±14

52±13

Sex (%male)

59

49

Height (cm)

174±8

Weight (kg)

86.2±17.1

84.4±16.5

89.8±22.7

89.3±22.5

Body mass index (kg/m )

172±9

28.2±4.6

27.7±4.4

30.1±6.3

29.9±6.3

Systolic Blood Pressure (mmHg)

128±13

124±14

128±15

124±15

Diastolic Blood Pressure (mmHg)

78±8

75±8

79±11

75±11

2

Blood Parameters
Total cholesterol (mmol/l)

5.17±1.05

5.09±1.00

5.02±1.42

4.87±1.26

High-density lipoprotein (mmol/l)

1.26±0.28

1.26±0.26

1.24±0.35

1.24±0.31

Low-density lipoprotein (mmol/l)

3.32±0.93

3.25±0.92

3.08±1.26

2.97±1.16

Glucose (mmol/l)

6.04±2.57

5.81±2.08

6.06±2.44

5.97±2.01

Maximal cycling test
Peak oxygen uptake (L O2/min)
Peak oxygen uptake (ml O2/min/kg)

2.2±0.6

2.8±0.7

2.2±0.5

2.4±0.5

26.4±5.82,3

32.9±6.0

24.5±5.21

27.7±5.1

11.9±9

11.4±9.2

11.8±10.5

10.8±9.5

20.8±16.0

15.7±13.6

20.8±16.1

17.5±13.6

Risk scores
Framingham risk score (%)
Lifetime risk score (%)
1, 2, 3, 4
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Q3
(0.5<ΔVO2≤2.1)
Pre

Post

Q4
(ΔVO2≤0.5)
Pre

Post

Two-Way ANOVA
Time

Q

42

42

53±12

56±11

0.514

52

69

0.259

174±8

174±9

2

Time*Q

0.714

94.0±23.2

93.0±22.2

85.3±14.1

85.0±14.6

<0.001

0.160

31.0±6.9

30.7±6.5

28.3±4.5

133±13

129±11

127±16

82±8

77±9

76±12

0.086

28.2±4.6

<0.001

0.053

0.105

125±15

<0.001

0.169

0.858

74±11

<0.001

0.153

0.727

5.06±1.21

4.92±1.08

5.14±1.04

5.06±1.10

0.016

0.856

0.925

1.22±0.37

1.22±0.34

1.20±0.31

1.24±0.35

0.433

0.886

0.685

3.11±1.02

2.99±0.91

3.29±0.97

3.18±0.98

0.016

0.542

0.967

6.34±2.70

5.97±2.15

5.47±1.66

5.76±1.76

0.337

0.708

0.124

2.3±0.6

2.5±0.6

2.4±0.6

2.2±0.6

<0.001

0.194

<0.001

25.4±5.21

26.8±5.3

28.0±5.7

26.1±5.0

<0.001

0.008

<0.001

15.4±13.4

14.5±12.7

12.9±11.8

11.8±10.7

<0.001

0.417

0.798

22.0±18.6

19.9±16.8

20.1±14.4

19.7±13.8

<0.001

0.870

<0.001
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4

4

3,5

3,5
3

ΔCVRF (n)

ΔCVRF (n)

3
2,5
2
1,5

2,5
2
1,5

1

1

0,5

0,5

0

0
Q1

Q2

Q3

Q4

Quartiles of fitness improvement (L o2/min)

Q1

Q2

Q3

Q4

Quartiles of fitness improvement (ml o2/min/kg)

Figure 2: Quartiles of fitness improvement based on absolute (A) and weight corrected (B) VO2 do not
differ in the number of cardiovascular risk factors (DCVRF) that changed after exercise training (One-way
ANOVA P = 0.372 and P = 0.922 respectively).

Figure 3: Changes in Framingham Risk Score (FRS) correlate with changes in Lifetime Risk Score (LRS)
(R=0.566. P<0.001). When compared to the line of identity (- - -), LRS shows an upwards shift compared
to FRS.
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Heterogeneity in fitness and CV risk factors response after training
In line with others (34-36), 17% of our participants showed no improvement in fitness.
Significant heterogeneity was also present in terms of change in magnitude and number of
CV risk factors, a finding which has also been previously observed (18, 34-37). We add the
novel finding that this heterogeneity is also present in subjects at increased cardiovascular
risk. There are several plausible explanations for the non-response. First, the non-responder
rate may relate to measurement errors. For example, meta-analyses of exercise training
studies report changes in weight (1.0 kg, -3%) (38, 39), blood pressure (-5.4 – 3.5 mmHg) (6,
40), or cholesterol (0 - 0.10 mmol/l) (7, 41) that are within the margin of measurement error.
Also, variation in fitness tests, although associated with relatively small day-to-day variations
(42, 43), may explain some heterogeneity (44). While measurement errors may explain part
of the findings, all studies adopted standardized measurement techniques and were tightly
controlled. Secondly, low adherence may explain non-response. However, we found no
link between response rates and adherence in our centre-based and closely supervised
experiments. Thus, differences in the responsiveness between subjects certainly exist in
exercise training studies, even if the notion of adverse responsiveness remains contentious.
It is germane that, whilst some small sample size studies have recently suggested that nonresponse (in terms of VO2max) may be context (e.g. exercise intensity) specific (45), it is
unrealistic, on a population basis, to get all people to do the intense exercise required to
ensure that all individuals increase their fitness (46). Studies focused on guideline-based
exercise recommendations (as we performed in this study) remain highly relevant and the
concept of non-responders remains valid, particularly as many previous studies have limited
their attention to fitness change and not studied cardiovascular risk factor profiles.
Genetic factors, such as the expression of RNA (47), might contribute to training
susceptibility. However, results for specific genes have been inconsistent, whilst the
predictive value of genetic variants contributing to exercise benefit may be modest (48).
Furthermore, heterogeneity in fitness and CV risk factors may also be caused, at least partly,
by environmental factors (49), including within- and between-subject (daily) variation in
physical activity levels and diet (50, 51). Therefore, more studies, including tight control and
prolonged follow-up, are required to better understand heterogeneity in exercise training
responses.
Whilst a priori lower fitness levels were related to a larger improvement in fitness after
training, the number of risk factors that improved after training was independent of a priori
CV risk. In addition, lack of improvement in one CV risk factor did not exclude improvements
in other CV risk factors. To better understand these observations, we performed statistical
analysis to identify factors contributing to the changes in CV risk factors. We found weak
evidence that high LDL levels and female sex were associated with a larger improvement in
CV risk factors after training. However, the model had low predictive value. Our observation
that a priori risk did not predict outcomes is somewhat in agreement with Sawyer et al.,
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who found that changes in fat mass after training were not predicted by baseline fat mass
(52). At a minimum, our results indicate that training-induced improvement in CV risk is
largely independent of a priori CV risk.

No associations between changes in fitness and CV risk factors
In contrast to our hypothesis, improvement in number of CV risk factors after training was
comparable across quartiles of improvement in fitness. This suggests that improvement
in CV risk factors is marginally associated with change in fitness. Although both fitness
and CV risk factors are strongly related to mortality and morbidity (53-55), the benefits
of training on these factors may be mediated through distinct pathways. Improvements in
fitness are obtained via improvements in the oxygen transport chain, including improved
oxygen exchange, cardiovascular capacity and mitochondrial function (56, 57). In contrast,
pathways responsible for exercise training-induced improvement in CV risk factors differ
markedly, even between different risk factors. Indeed, no correlation is present in traininginduced changes between individual CV risk factors. For example, improvements in blood
pressure may be mediated through changes in resistance artery tone, cardiac output, and/or
sympathetic activity, whereas these pathways are unlikely to contribute to changes in body
weight and/or cholesterol levels. Since we found no link between fitness gain and changes
in CV risk, our study argues against the notion, popular in the exercise science literature,
that the intensity or load of training is the principal moderating factor in transduction of all
beneficial impacts for health (16, 58). Rather, our study suggests that training benefits can
occur regardless of fitness improvement.
The limited relation between changes in fitness and cardiovascular risk factors raises
the question of how exercise training exerts its cardioprotective effects. Previous work
estimated the contribution of CV risk factors to the cardioprotective effects of training and
suggested that CV risk factors contribute 27-41% of the cardioprotective benefit (34-36).
This suggests that a large proportion of the beneficial health effects of exercise is explained
by factors other than traditional CV risk factors, also referred to as the “risk factor gap” (59,
60). Some of the “risk factor gap” relates to direct effects of exercise training on vascular
function and structure (61-63) and a previous analysis indicated that changes in traditional
CV risk factors do not correlate with training-induced adaptations in arterial function
and health (18). Further work is required to understand the mechanisms that explain the
cardioprotective effects of exercise training, especially since these benefits cannot be simply
explained through (changes in) traditional CV risk factors.

Limitations
A limitation of this study was that we did not control for diet and other lifestyle-related
factors, which could have influenced individual responses to exercise training. However,
we instructed all individuals not to alter lifestyle- and food-habits, whilst all testing was
performed under highly controlled conditions (including dietary restrictions). Therefore, we
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expect this did not influence our major outcomes. Another limitation was that we only
included studies adopting endurance training. Although endurance training is frequently
performed in subjects with increased CV risk, we cannot extrapolate our results to subjects
performing other types of training (e.g. high intensity interval training, resistance training)
(64). In addition, variation in training durations was limited to 8, 12, 26 and 52 weeks.
Nonetheless, duration of training did not seem to affect the presence and/or magnitude of
heterogeneity in training responses in CV risk factors and fitness. In our statistical model,
we did not include characteristics of the training, partly because of the limited variation.
Future work should further explore whether characteristics of the training intensity, mode,
duration and frequency affect heterogeneity.

Perspectives
Our study, in a relatively large dataset of subjects at increased risk for CV disease who
undertook centre-based and supervised exercise trained, revealed that training induces
heterogeneous outcomes in terms of both change in fitness and CV risk factors. The
improvements in fitness we observed as a result of training were unrelated to baseline
CV risk and to training-induced changes in CV risk. Therefore, in subjects with increased
CV risk, improvements in fitness are not obligatory for training-induced improvements in
cardiovascular risk factors. That is, the absence of an increase in fitness after training does
not preclude the possibility of beneficial adaptations in CV risk factors. Further work is
required to gain more insights in the mechanisms that contribute to the cardioprotective
effects of exercise training.
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Chapter 3

Abstract
Sedentary behaviour (SB: i.e. sitting, lying) is associated with numerous negative health
connotation. Previous work has predominantly focused on the relationship between SB and
all-cause mortality and/or metabolic disorders, yet the relationship between SB and the
development of cardiovascular disease (CVD) has received less attention.
Recent evidence suggests that the negative effects of SB on markers of vascular health, and
to a lesser degree traditional CVD risk factors, are likely responsible for the increased CVD
incidence and mortality associated with SB.
We propose that SB induced down regulation of shear rate and blood flow, as well as
alterations to glucose metabolism and inflammatory and oxidative stress pathways are likely
to play a key role in the vascular dysfunction associated with SB.
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Introduction
Physical activity (PA) relates to any bodily movement that is associated with energy
expenditure, and covers the entire spectrum from moderate- or vigorous-intensity activities
(typically referred to as exercise) to, low-intensity activities (i.e. walking, daily life activities).
The benefits of regular engagement in low, moderate, and/or vigorous PA have been
apparent for some decades and have been frequently described in relation to primary and
secondary prevention of cardiovascular disease (CVD). The importance of PA in the context
of CVD risk reduction was first highlighted in a seminal study by Morris et al. (1), who
observed that bus drivers experienced more than double the amount of CVD incidence
than bus conductors. The authors speculated that the additional PA undertaken by the
bus conductors reduced the risk for future development of CVD. This hypothesis has since
been confirmed repeatedly when examining the contribution of PA to CVD morbidity and
mortality, culminating in a recent estimate which suggests that physical inactivity, defined as
not reaching global PA guidelines, causes 6% of the global CVD burden and has overtaken
smoking as the primary cause of all-cause mortality (2).
Evidence from the past decade indicate that PA may not be the only mediator of health and
development of non-communicable diseases. Recent studies have provided evidence that
sedentary behaviour (SB: i.e. sitting, lying) is associated with negative health connotations
(3). More specifically, these studies report an association between prolonged periods of
SB and all-cause morbidity and mortality, which cannot be simply explained by differences
in engagement in low-, moderate- or vigorous-intensity PA (4). Similarly, studies have
demonstrated a comparable relationship between SB and development of metabolic disease
(e.g. obesity, metabolic syndrome and type 2 diabetes mellitus). Consequently, SB has
emerged as a critical mediator of health in its own right. Due to advances in entertainment
and transport technologies, as well as the increased reliance on workplace technology and
office work, SB is now the predominant behaviour for a large amount of the population in
developed countries (5), SB is therefore a clinically relevant target when changing lifestyle
behaviour.
Previous work has predominantly focused on the relationship between SB and all-cause
or CVD mortality and/or metabolic disorders. In this review however, we will focus on
the relationship between SB and the development of CVD. More specifically, we aim to
synthesize, for the first time, scientific work which examines the relationship between SB
and development of CVD and cardiovascular (CV) risk factors, and present an overview of
studies that explore the mechanism(s) that underlie this relationship. To meet these aims,
this review will i) assess whether the negative CV effects are borne from the removal of
PA, ii) investigate the relationship between SB and CVD risk factors, iii) describe the effects
of (acute and chronic) uninterrupted sitting on CV health, iv) discuss potential mechanisms
which mediate the relationship between SB and CVD risk, and v) provide recommendations
for future directions.
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1. Is sedentary behaviour simply the removal of activity?
The Australian Diabetes, Obesity and Lifestyle study (AusDiab), a population-based
longitudinal study, examined the relationship between SB and CVD development with
self-reported television (TV) viewing time as a surrogate marker for SB (3). The authors
found that prolonged periods (≥ 4 hours per day) of TV viewing time was associated with
increased risk of CVD mortality, and each additional hour of viewing time was associated
with an increased CVD mortality risk of 18%. However, due to limitations associated with
correlation analysis, and the confounding relationship between TV viewing and caloric
intake, direct independent inferences could not be made. Subsequent studies, however,
have provided additional insight into the association between SB and CVD, with a recent
meta-analysis of 14 studies confirming that high SB was associated with increased CVD
incidence (Hazard Ratio (HR), 1.143 [CI, 1.002 to 1.729]) and mortality (HR, 1.179 [CI, 1.106
to 1.257]) (4).
One possible explanation for the associations between SB and CVD risk is that this
relationship is merely due to a lack of PA rather than presence of SB. However, the evidence
suggests the contrary, in that SB is related to CVD risk independent of engagement in
low-, moderate- and/or vigorous-intensity exercise or physical activity (6). For example, in
adults meeting weekly PA guidelines, dose-response associations are still observed between
television viewing time and cardiometabolic risk factors (e.g. waist circumference, systolic
BP, and 2-hour plasma glucose) (7). Moreover, individuals participating in >7 hours/week
of moderate-to-vigorous PA, yet also accruing >7 hours daily television watching, present
a 2-fold greater risk of CV mortality compared to those engaging in 7 hours/week of
moderate-to-vigorous PA and only 1 hour daily television viewing time (8). Furthermore,
a recent systematic review and meta-analysis of studies assessing all forms of SB, found
that SB was independently associated with increased risk for CVD incidence and mortality
regardless of PA (4). Nonetheless, the risk of mortality associated with sitting 10 h/day
may be modulated by PA, since the risk for mortality in the sedentary group was 52%
higher than those who sit for 1 h/day but were inactive individuals, whereas this risk was
reduced to 34% in active individuals (9). Therefore, these data suggest that the amount of
SB is directly (and positively) related to development of CVD, and largely independent from
engagement in moderate-to-vigorous PA in the general population.

2. Is sedentary behaviour related to cardiovascular risk factors?
The assertion of an independent relationship between SB and CVD mortality and morbidity
raises the question of what mechanisms contribute to this observation. One potential, and
somewhat obvious explanation relates to the impact of SB on traditional CVD risk factors.
In populations of healthy volunteers, studies have provided some evidence for a relationship
between SB and traditional CV risk factors. For example, Stamatakis et al. observed
associations between SB and traditional CV risk (e.g. BMI, waist circumference, BP, HDL
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cholesterol) in a population of 5,948 healthy, middle aged participants (10). In another cohort
of healthy young adults (n=2,328), sitting time was positively and independently associated
with resting heart rate and adiposity, and was negatively associated with cardiorespiratory
fitness (11). Generally, there is little scientific evidence in healthy populations that SB is
related to total cholesterol or levels of low-density lipoproteins (12). However, studies
have identified a positive association between SB and high-density lipoprotein (HDL) and
triglyceride levels in asymptomatic groups (12-14), which is largely independent from levels
of PA (13, 14).
Relationships between SB and CV risk factors are also apparent in populations with CV
risk and/or disease. For example, more time in SB is associated with higher BP (r=0.56,
P<0.01) in hypertensive patients (15). In severely obese subjects, SB shows a positive,
independent relationship with systolic BP, with every additional hour of sitting associated
with a 14% higher risk of developing hypertension (16). Beunza et al. (17) followed up on
these observations in a prospective, dynamic cohort study, which assessed the incidence of
hypertension in 6,742 healthy university graduates across a 40-month period. They found
that the most sedentary subjects had a 48% increased risk of development of hypertension
compared to their non-sedentary peers, (HR 1.48; 95% confidence interval, 1.01 to 2.18, P
for trend =0.03) (17), an effect independent of PA levels. Whilst this area of research shows
promise, this is very little data available, the role of SB in CV risk factor development in high
risk populations therefore warrants further investigation.
In addition to traditional CV risk factors, some recent studies have explored the possible
relationship between SB and direct measures of artery health. This is relevant since modulation
of traditional CV risk factors alone cannot explain the benefits of PA. The cardioprotective
benefits of PA that cannot be explained through traditional risk factors, i.e. the risk factor
gap, may relate to the effects of PA directly on vascular health (Figure 1). Similarly, SB may
also affect CV risk through direct effects on the vasculature. In a cross-sectional analysis
of 945 men, after adjusting for covariates (systolic BP and BMI), each additional 30-min of
sedentary time was associated with an Odds Ratio of 1.19 (95% CI 1.07, 1.33) for a low
ankle-brachial index (i.e. < 0.9) (18). In another cross sectional study it was observed that
weekend SB was positively associated with arterial stiffness (males r=0.11 p<0.01, females
r=0.08, p<0.05), even after adjustment for vigorous PA, resting heart rate, adiposity and
metabolic syndrome (11). In addition, in a healthy sample of 614 middle-aged adults, the
ratio between sedentary time and time in light intensity PA was positively associated with
carotid intima media thickness (r=0.19, P<0.05) (19). Taken together, these data provide
preliminary evidence that SB is related to impaired vascular function and structure, although
more work is required to truly understand this complex relationship and assess whether
these effects are independent of CV risk factors. This is highly relevant since, together with
the impact of SB on traditional risk factors, these effects may contribute to the increased risk
for CVD associated with increased SB in both healthy as well as symptomatic populations.
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Figure 1: Schematic depicting the effect of SB on CVD risk factors. A) Vascular structure and function:
stiffness and intima-media thickness increase; endothelial function decreases, B) Body mass index
increases, C) Cardiorespiratory fitness decreases D) Blood pressure increases E) Insulin resistance
increases, F) Blood lipids increase.

3. Do acute periods of sitting impair cardiovascular health?
To better understand the long-term effect of sitting, recent research has explored the
impact of short periods (3-6 h) of sitting on CV outcomes (Table 1). During a 3-hour
period of uninterrupted sitting, Padilla et al. (20) observed a significant increase in systolic
and diastolic BP, evident following 1 hour of sitting and accompanied by a simultaneous
decline in popliteal blood flow and shear rate. More recently, Thosar et al. (21) observed
a decrease in superficial femoral artery (SFA) endothelial function from baseline levels
(baseline: 4.72±3.78%, 1hr: 0.52±0.85%, 2hr: 1.66±1.11%, 3hr: 2.2±2.15; p<0.05), and a
concomitant reduction in antegrade and mean shear rate in response to a 3-hour period of
sitting. This work suggests that lower limb endothelial function is impaired after a period
of uninterrupted sitting. In contrast, 3-hours of uninterrupted sitting did not affect brachial
artery (BA) endothelial function or mean shear. Importantly, upper limb movement was
uncontrolled in this study, whilst previous work on lower limb conduit artery endothelial
function and shear rate prevented lower limb movement. Restricting bodily movement
therefore appears key for the down regulation of endothelial function, with even small
movements being able to maintain blood flow and endothelial function (22).
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The hypothesis that small amounts of movement prevent impairment in CV health associated
with prolonged sitting has been explored in more detail in recent studies. Larsen et al.
observed significantly lower post-test systolic and diastolic BPs when 7 hours of sitting was
interrupted with self-selected, Borg Scale determined, light- or moderate-intensity 2 minute
walking breaks every 20 minutes (SBP: sitting: 123+1 mmHg: light: 120±1 mmHg, P=0.002;
moderate: 121±1 mmHg, P=0.02, DBP: sitting: 79±1 mmHg light: 76±1 mmHg, P=0.006;
moderate: 77±1 mmHg, P=0.03) (23). When data was stratified according to baseline BP,
the largest effects of physical activity breaks on BP were found in those with increased
BP a priori. These observations suggest that targeting SB may be especially relevant in
those with higher CV risk. The impact of regular activity breaks from sitting has also been
assessed on triglyceride and lipid levels (5 hours to 3 days). Perhaps unsurprisingly given the
duration normally required to alter these parameters, no effect of sitting was observed on
triglycerides and lipids (24‑26). Possibly, longer intervention periods are required to impact
lipid parameters. Given the limited data on this topic, further research is warranted to better
understand the acute effects of breaking up sitting using physical activity on CV risk factors.
The effects of prolonged, uninterrupted sitting and PA breaks have also been explored
in relation to measures of endothelial function. In healthy, non-obese men, 5 minutes of
light intensity treadmill walking (2 miles.hr-1) every 60 minutes prevented the decline in
flow-mediated dilation and shear rate in SFA observed following 3-hours of uninterrupted
sitting (21). In line with these observations, others observed similar beneficial effects of
regular activity breaks on SFA flow-mediated dilation in a cohort of healthy young girls
(30). This study demonstrated that the reduction in SFA endothelial function associated
with 3-hours of prolonged sitting (mean difference 2.2% flow-mediated dilatation; 95%
CI=0.60–2.94%, P<0.001) was offset when participants undertook hourly moderate
intensity cycling for 10-min. Together, these data support the hypothesis that regular PA
breaks, which intermittently increase lower limb muscle activity level, prevent the decline
in resting flow and endothelial function associated with prolonged, uninterrupted sitting.
More recently, studies have had some success in preventing sitting induced endothelial
dysfunction using alternative physical activity interventions such as fidgeting (28), which
was found to prevent the decline in blood flow and shear rate observed during prolonged,
uninterrupted sitting. These data suggest that sitting-induced endothelial dysfunction can
be offset via interventions which promote (low-intensity) physical activity.
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19
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12

10

Larsen (26)

Larsen (23)

Thosar (21)

Restaino (27)

Morishima (28) 11

Graves (29)

3-h

7-h

3-days

5-h

Adults

Healthy adults

Healthy men

Healthy men

Overweight

Overweight

Adults

Adults

Population

Outcome variable

Sit-stand work station

1-min fidgeting breaks every
4 min.

Increased shear (using heat)
during sitting

5-min breaks every hour

2-min breaks every 20 min

2-min breaks every 20 min

2-min breaks every 20 min

BA FMD, BP, glucose, blood
lipids

SFA FMD

SFA FMD, shear rate

SFA FMD, shear rate

Blood pressure, heart rate

Triglycerides, glucose, insulin

Blood pressure, lipids glucose

1.40-min breaks every 30 min Triglycerides, glucose, insulin

Intervention

FMD: Flow-mediated dilation used to assess endothelial function, SFA: Superficial femoral artery, BA: Brachial artery.
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3-h

10

Bailey (25)

9-h

70

Peddie (24)

Follow-up

N

First author

Table 1. Summary of studies examining the cardiovascular effects of sitting interventions
No difference in triglyceride levels
between activity breaks and
prolonged sitting
No difference in BP and lipid
levels between activity breaks and
prolonged sitting
No difference in triglyceride
levels after 1 and 3 days between
interrupted and uninterrupted
sitting.
Lower SBP and DBP compared to
prolonged sitting, no difference
in mean arterial pressure or heart
rate
Decline in FMD was prevented
compared to prolonged sitting
Impaired FMD during prolonged
sitting was prevented by
increasing shear
Fidgeting prevented a decline in
shear rate and flow and improved
FMD.
Improved cholesterol, possible
benefits in blood pressure and
FMD

Conclusion
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4. Does chronic sitting impair cardiovascular health?
To our knowledge, few studies have directly examined the consequences of longer term,
acute exposure (>1 day) to SB on CV risk factors. Lyden and colleagues investigated the
effects of seven days increased sitting time and reduced breaks from sitting on lipids and
markers of insulin resistance in 10 healthy young subjects. Compared to baseline, seven
days of SB caused no change in fasting plasma lipids, waist circumference and BMI.
Nonetheless, 2-h plasma insulin and area-under-the-curve, as measured by oral glucose
tolerance test, were significantly increased after the 7-day period of increased SB, indicative
of the ability of SB to cause insulin resistance within 1 week (31). Another study explored
the impact of a 3-day intervention of either 7 hours per day of uninterrupted sitting, or 7
hours of sitting with 2-minute light intensity walks every 20 minutes (26). Significantly lower
glucose and insulin area-under-the-curve, as measured by mixed meal tolerance test, was
found following only 3-days of uninterrupted sitting to compared to the break condition.
In line with previous findings, triglycerides did not differ between uninterrupted sitting and
intervention. Therefore, studies on the immediate (3-6 h) and short-term (3-7 days) effects
of SB suggest the presence of significant impairment in measures of insulin resistance, whilst
no such changes were present in lipid levels.
A likely explanation for the absence of an effect of (short-term) SB on lipids may relate
to the duration of the intervention. In line with work related to exercise training, longerterm interventions may be required to alter lipid levels. Indeed, a study in which office
workers reduced sitting time by 137 minutes over a 3-month intervention period, showed
positive effects on HDL cholesterol (32). Similarly, in a study by Graves et al., self-selected
use of standing work stations resulted in a mean reduction in sitting time of 90 minutes
per day over an 8-week intervention period (29). Consequently, a significant reduction
in total cholesterol level was observed, supporting the idea that prolonged periods of
physical (in)activity are required to alter lipid levels. Additionally, this is the only study to our
knowledge, to have examined the endothelial response to long-term reductions in sitting
time. Despite non-significant effects, the study also performed inferential statistics which
indicated ‘potentially clinically meaningful’ improvements in BA endothelial function as well
as ‘possible benefits’ in the reduction in diastolic BP after the 8-week intervention that
reduced sitting time with ~90-minutes per day. In conclusion, short- and long-term periods
of SB are able to alter peripheral blood flow and artery endothelial function, as well BP.
Future work is required to better understand these effects, especially since these impacts
may differ between groups or between different interventions to alter SB.
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5. What are the mechanism(s) underlying SB-induced changes in vascular
function?
Recent experimental evidence suggests that changes in CV risk factors, but also impairments
to vascular health, likely contribute to the potentially detrimental effects of prolonged,
uninterrupted SB on CVD (Figure 2). Here we will focus on understanding the mechanisms
underlying the impairment in vascular health.

Figure 2: Summary of the potential mechanisms underlying sitting-induced cardiovascular disease risk.
a) Represents an artery during walking whilst b) represents an artery following a period of sedentary
behaviour, whereby blood flow and shear stress are reduced, attenuating nitric oxide (NO) and
increasing endothelin (ET-1) production, subsequently leading to vascular dysfunction. Additionally,
insulin resistance, inflammation and reactive oxygen species (ROS) production may further augment this
vascular dysfunction.

Hemodynamic stimuli
Previous work has revealed a central role for hemodynamic stimuli, such as shear stress, in
mediating functional and structural changes in vascular health (33). Similarly, prolonged,
uninterrupted sitting is associated with changes in shear that can mediate vascular
dysfunction. Early work, which used prolonged sitting as a model to increase hydrostatic
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pressure on the lower limbs, observed that sitting for three hours reduced mean, minimum
and maximum shear rate in the popliteal artery (20). Indirect evidence for shear stress to
mediate changes in endothelial function with SB is provided by Restaino and colleagues (34).
They found 3-4 hours of sitting reduced blood flow and shear rate in lower limb conduit
arteries, but not in the brachial arteries. These observations were associated with a decline
in lower limb artery endothelial function, but not BA endothelial function. Another study
examining lower and upper limb blood flow and endothelial function using an uninterrupted
sitting period of 3-h (22) noted reductions in both popliteal and brachial shear, but only
popliteal endothelial function. The BA may therefore exhibit greater resilience to shear rate
reductions or longer periods are required to successfully affect perfusion and/or vascular
health (34).
Whilst these observations provide some indirect evidence for the role of shear, more
recent work directly explored the hypothesis that changes in shear mediate the decrease
in endothelial function during prolonged, uninterrupted sitting. In healthy young men,
popliteal artery endothelial dysfunction induced by three hours of uninterrupted sitting was
successfully attenuated by manipulating popliteal perfusion by local heating (27) or by small
fidgeting leg movements (28). Both interventions successfully prevented the reduction in
mean shear associated with prolonged, uninterrupted sitting. Consequently, both studies
maintained or increased mean shear in the lower limbs from baseline levels, either through
metabolic flow (i.e. PA related (pre-fidgeting: 33.7±2.6sec-1 to immediately post-fidgeting:
222.7±28.3sec-1; P<0.001)) or non-metabolic flow (i.e. induced by heat (pre-sit, 38.9 ± 3.4
sec−1; and 3-h sit, 63.9 ± 16.9 sec−1; P > 0.05), which successfully prevented the reduction in
popliteal artery endothelial function.
In addition to reductions in mean shear rate, the patterns of shear may be equally important.
Shear patterns have a key role in maintaining vascular function; antegrade shear stress
preserves or enhances endothelial function by activating nitric oxide production; whilst
low and oscillatory shear stress can promote atherosclerosis, inflammation and increased
oxidative stress (33). Antegrade shear is reduced in the SFA and BA during three hours
of uninterrupted sitting, whilst oscillatory shear is increased in the BA (22). Interestingly,
changes in the shear pattern of both vessels occurred over distinct time courses. The
reduction in femoral artery antegrade shear was evident after only one hour of sitting, which
coincided with the reduction in SFA endothelial function. In contrast however, changes in
BA antegrade and oscillatory shear were observed following three hours of uninterrupted
sitting. These data indicate that over a relatively short time scale (1 hr), uninterrupted sitting
elicits negative effects on antegrade and oscillatory shear, and consequently endothelial
function in the lower limbs. Whilst the negative SB effects on shear patterns in the upper
limb occur over a longer period of time (3hrs) and are not accompanied by endothelial
reductions (22). Studies of a longer duration are needed to fully examine the effects of
sitting induced alterations in shear pattern on endothelial function.
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The underlying mechanisms that contribute to the changes in shear are currently unknown.
One potential mechanism may relate to the exposure to prolonged gravitational forces,
which may increase hydrostatic pressure within the lower limbs, causing venous pooling
and subsequent reductions in blood flow and shear stress (34). Prolonged sitting leads
to increased calf circumference (34), calf pooling and decreased thigh blood flow (35).
Additionally, increased muscle sympathetic nerve activity and changes in blood viscosity
may also contribute to altered shear rates and endothelial dysfunction (34). Insight into
the pathways that underlie the dysfunctional vascular environment in response to sitting is
also limited. Previous work provides strong evidence that lower shear rates decrease nitric
oxide availability and increase production of vasoconstrictors such as endothelin-1, whilst
lower shear rate is also conducive to the expression of atherogenic genes and inhibition of
anti-atherogenic genes (35). Compared to standing, sitting elicits changes in the angles of
the major arteries which may increase turbulent flow and shear patterns known to augment
the atherosclerotic process (35). These factors may all, in part, contribute to the strong link
between prolonged, uninterrupted sitting and impaired vascular health.
Inflammation and reactive oxygen species
There is a strong association between elevated inflammatory markers and impaired vascular
function. Inflammatory markers are also associated with reduced nitric oxide availability, CVD
incidence and risk prediction (36, 37). Previous work found that higher self-reported sitting
is associated with higher levels of adipokines and low-grade inflammation, an observation
that was independent of PA levels (38). Cross-sectional and prospective studies have also
shown that longer sitting time is associated with higher levels of C-reactive protein, a marker
of systemic inflammation (37, 38). However, this association between C-reactive protein
and SB was attenuated or lost after controlling for BMI or waist circumference, suggesting
that adiposity levels may mediate this relationship (37, 38). Despite the presence of some
observational evidence that sitting is associated with the presence of markers of (low-grade)
inflammation, no study has directly examined the impact of SB on these markers and/or
linked these changes in markers of inflammation to changes in endothelial function.
Inflammatory cytokines also activate vascular production of reactive oxygen species (ROS)
(36), which may further explain the association between SB and CVD risk. Production of
ROS is regarded as an important component in the pathogenesis of CVD, particularly due to
the production of superoxide which is associated with impairments to endothelial function
and hypertension (36). Interestingly, a recent study examined whether the reduction in SFA
endothelial function following three hours of uninterrupted sitting could be prevented by
oral administration of Vitamin C, a potent ROS scavenger (39). Whilst the sitting-induced
reduction in SFA endothelial function was successfully prevented by intake of vitamin C, this
study did not perform additional testing to confirm that Vitamin C was indeed responsible
for a reduction in oxidative stress. These initial findings support further work to focus on a
potential role for ROS to contribute to the impact of prolonged sitting on vascular health.
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Metabolic markers
The link between SB and metabolic health has been well documented, with experimental
research demonstrating detrimental changes in blood insulin and glucose levels as a result of
prolonged, uninterrupted sitting. Insulin resistance is associated with endothelial dysfunction
due to an imbalance between the phosphatidylinositol 3-kinase (PI3K)-dependent and
mitogen-activated protein kinase (MAPK)-dependent signalling pathways (40). In an insulin
resistant state, PI3K signalling is reduced leading to decreased nitric oxide availability, whilst
MAPK signalling is unaffected, leading to greater endothlin-1 production, endothelial cell
apoptosis and inflammation (40). Furthermore, sedentary time results in longer periods of
postprandial hyperglycaemia (40), which may have a mechanistic contribution, as acute and
prolonged periods of hyperglycaemia are also known to impair endothelial function. The
effects of hyperglycaemia occur via several mechanism including increased ROS production,
increased advanced glycation end products formation, and the activation of protein kinase
C, which ultimately results in heightened oxidative stress, apoptosis and increased vascular
permeability (41). Therefore, the detrimental effect of sitting on CV health may, at least in
part, be the result of metabolic dysfunction and its subsequent effects on the vasculature.

6. Conclusion and future directions
A significant body of evidence indicates that prolonged sitting is associated with increased
risk for developing CVD and that this association between SB and CVD cannot simply be
explained by the absence of moderate to vigorous PA. Research provides strong evidence
that this link is, at least partially, due to sitting-induced alterations to traditional CV risk
factors, including glucose tolerance, BP and lipid profile (via HDL) as well as impairment in
vascular health mediated by reductions in mean and antegrade blood flow and shear rate.
Recent work also highlights a potential role for increased ROS production, presence of lowgrade inflammation and metabolic impairment to contribute to sitting induced impaired
vascular function. However, this field is in its infancy and several important questions needs
to be answered to better understand the impact of SB on CV health.
Lab studies indicate that regularly interrupting sitting appears to be more important than the
total duration of sitting to prevent the effects on the CV system, however epidemiological
evidence for this is currently lacking. Furthermore, relatively little is known, both from
epidemiological and (pre)clinical work, whether the impact of targeting SB is equally relevant
in healthy, physically active subjects versus physically inactive subjects with or without CV
disease and/or risk. Better understanding in this area would highlight which population
would potentially benefit most. To further understand potential mechanisms underlying
sitting induced vascular dysfunction and increased CVD risk, studies should explore bloodborne markers such as circulating endothelial progenitor cells and whether (long-term) SB
may contribute to changes in measures of vascular structure. Furthermore, research has
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largely focused on the influence of SB on conduit arteries, other vascular beds, including the
coronary, peripheral resistance and cerebrovascular beds should be explored.
To date, the direct influence of SB on CVD (risk factors) has only been studied after a short
period of altered SB. This highlights the need for well-designed and properly powered
studies that examine the impact of longer-term follow-up on both the impact of SB, as well
as interventions that counteract these detrimental effects. This work is required to better
understand the impact of SB, to enhance the ecological value of research in this area, and
importantly to develop specific public health guidelines for daily sitting time.
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Abstract
Background Subjective measures of sedentary behaviour (SB) (i.e. questionnaires and
diaries/logs) are widely implemented, and can be useful for capturing type and context of
SBs. However, little is known about comparative validity and reliability of these tools. The
aim of this systematic review and meta-analysis was to: 1. identify subjective methods to
assess overall, domain- and behaviour-specific SB, and 2. examine the validity and reliability
of these methods.
Methods The databases MEDLINE, EMBASE and SPORTDiscus were searched up to
January 2019. Studies that met the following criteria were included: 1) assessment of SB,
2) evaluation of subjective measurement tools, 3) being performed in healthy adults, 4)
manuscript written in English, and 5) paper was peer-reviewed.
Results The systematic search resulted in 2,090 hits. After excluding duplicates and
screening on title and abstract, 78 studies were included. There was wide variability in the
measurement properties and quality of the studies. The criterion validity varied between
poor-to-excellent (correlation coefficient [R] range -0.01- 0.90) with logs/diaries (R=0.63
[95%CI 0.48-0.78]) showing higher criterion validity compared to questionnaires (R=0.34
[95%CI 0.30-0.38]). Furthermore, correlation coefficients of single- and multiple-item
questionnaires were comparable (1-item R=0.33; 2-to-9-items R=0.35; ≥10-items R=0.38).
The reliability of SB measures was moderate-to-good, with the quality of these studies
being mostly fair-to-good.
Conclusion Logs and diaries are recommended to validly and reliably assess self-reported
SB. However, due to time and resources constraints, questionnaires may be preferred to
subjectively assess SB in large-scale observations.
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Introduction
Regular physical activity reduces the risk of premature death, cardio- and cerebrovascular
disease, metabolic disorders and some forms of cancer (1, 2). Based on the overwhelming
evidence, the World Health Organization recommend adults to perform ≥150-min moderateintensity aerobic physical activity, or ≥75-min vigorous-intensity aerobic physical activity per
week (3). More recently, the importance of sedentary behaviour (SB) for health has emerged.
High levels of SB are associated with an increased risk of premature death, cardiovascular
disease, metabolic disorders and cancer (4-6), with especially strong associations in those
who are physically inactive. These observations highlight the importance of accurately
measuring physical activity and SB in order to understand their respective roles in health
outcomes.
Various devices (7) and questionnaires (8) are available to assess physical activity. Since SB
is a distinct behavioural entity and not simply reflective of the lack of sufficient physical
activity, these measures may not directly assess SB (9). Furthermore, in contrast with
structured exercise, SB occurs habitually throughout the day, making valid assessment of
SB challenging. SB is defined as any activity during awake time with an energy expenditure
≤1.5 METs (i.e. sitting or activities in reclining posture) (9, 10). Patterns and total volume of
SB can be assessed using objective measures such as thigh-worn accelerometers combining
acceleration and posture, which is currently regarded as the gold standard to quantify
free-living SB and to distinguish between sitting or lying, standing and physical activity
(11). Nonetheless, used in isolation, these objective measures do not distinguish between
different domains (e.g. occupation, transportation and leisure time) and settings (e.g. TV
viewing, car driving and sitting while reading) of SB. This is important since some settings
of sitting, e.g. TV viewing and screen time, are more strongly associated with poor health
outcomes compared to total sedentary time (12-14) and may serve as useful intervention
targets. These observations emphasise the need for valid subjective measures to assess SB
within the various domains and settings in which it occurs. Ideally, these measures should
be taken in combination with objective assessments (15). However, given this is not always
possible or feasible, it is also important to understand the measurement metrics of selfreport methods when they are used in isolation.
Several self-reported tools (i.e. questionnaires, logs and diaries) have been developed recently
to measure SB. These tools vary from single-item questions to extensive questionnaires
about SB considering various domains. Currently, some reviews compared the validity and
reliability of these tools (15, 16). However, previous reviews did not take the risk of bias
across studies into account and did not combine the results into a meta-analysis. Knowledge
about the validity, reliability and the quality of the studies performed is essential to plan,
perform and correctly interpret results in this field of research, because measurement error
may seriously impact study results. The aim of this systematic review and meta-analysis
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was to identify subjective methods to assess SB and, subsequently, to examine their validity
and reliability to assess SB in adults. This overview will contribute to improved selection of
appropriate subjective measures of SB (in relation to their research question), and to identify
gaps of knowledge within this area of research.

Methods
Date source and literature search
A literature search was performed in databases of MEDLINE, EMBASE and SPORTDiscus.
The search strategy combined three main search terms: sedentary behaviour, selfreported measures, and validity/reproducibility. The complete search strategy is shown in
Supplemental table 1. The last search was performed on Jan 25th, 2019. All citations were
imported into the bibliographic database of EndNote, version X7 (Thomas Reuters, New
York City, NY). This review was registered in PROSPERO (number CRD42018105994) and
the ‘Preferred Reporting Items for Systematic Reviews and Meta-Analyses’ (PRISMA)(17)
guidelines were used to perform the systematic review and meta-analyses.

Selection of papers
After importing all citations in Endnote, duplicates were removed, and title, abstract and
full text were independently screened by two reviewers (EB, YH). In case of disagreement, a
third reviewer (TE) was consulted. Inclusion criteria were: 1) assessment of SB, 2) evaluation
of subjective measurement tools, 3) being performed in healthy adults, 4) manuscript
written in English, and 5) paper was peer-reviewed. Papers were excluded if the study did
not aim to determine any construct of SB, when studies did not investigate the validation
or reliability of the tool and/or the aim was to cross-cultural validate the subjective tool in
different languages. A flowchart of the search strategy and the inclusion of manuscripts is
presented in Figure 1.

Data extraction, synthesis and analysis
Study characters were extracted using an extraction form including: 1) study population, 2)
number of participants, 3) gender and age, 4) the construct of SB measured (domain, setting,
recall period, number of questions), 5) measurement outcomes (e.g. total sedentary time,
breaks in sitting time, bouts), 6) comparison measure, 7) interval between first and second
measure, and 8) results of the measurement properties (e.g. intra correlation coefficients
[ICC], correlations, mean bias with limits of agreement, kappa values and sensitivity/
specificity). The extraction form was created by one (EB) and piloted by both reviewers
(EB, YH). The pilot was performed using 10 randomly selected studies and changes were
made to improve the extraction form. The quality of the studies was determined using the
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checklist with 4-point scale of COSMIN (Consensus-based Standards for the selection of
health Measurement Instruments) criteria (18-20).

Assessment of construct validity and reliability
Criterion validity was defined as the degree to which the outcome measure measures
the construct it purposes to measure (21). Thigh-worn accelerometry (e.g. activPAL) was
considered as the gold standard for total sedentary time, as they can more accurately
distinguish between sitting and standing (11). Hip-, waist- and wrist-worn accelerometers
are frequently used as criterion measure. However, these accelerometers are not sensitive
enough to distinguish between stationary standing and sitting (22). On these grounds,
studies using only hip-, waist- and wrist-worn accelerometers as criterion measure were
graded with a lower level of evidence. In addition, if validity results of both thigh-worn
accelerometers or hip-, waist- and wrist-worn accelerometers were included in the study,
only the results of the thigh-worn accelerometers were reported in this review.
Reliability was defined as the degree to which the measurement is free from measurement
error. Test-retest reliability is often assessed using an ICC (21). Since Pearson and Spearman
correlation coefficients neglect systematic errors, the use of Pearson and Spearman correlation
coefficient was considered as inadequate and these studies were graded with a lower level
of evidence. In addition, if studies provided both ICCs and correlation coefficients, only ICCs
were reported in this review. An ICC>0.90 was considered as excellent, ICC between 0.750.90 was considered as good, ICC between 0.50–0.75 as moderate and >0.50 as poor (23).

Data analyses
A meta-analysis using random effects (24) was performed to assess the pooled validity of the
1-item questionnaires, 2 to 9-item questionnaires, ³10-item questionnaires and logs/diaries.
Only studies expressing validity as correlation coefficients were included in this analysis.
When no correlation coefficient was provided for total sedentary time, an (unweighted)
mean was calculated based on correlation coefficients of all setting and domains. Finally, I2
was calculated, which describes the proportion of total variation in effect size that was due
to systematic differences between effect sizes rather than by chance (24). Meta-analyses
were performed using R with ‘Meta-Analysis with Correlations’ (MAc) package, version 1.1.1.

Results
The literature search resulted in 2,090 hits (Figure 1). After excluding duplicates, 1,140
studies were screened for title and abstract. Most papers were not eligible for this review
because: i. the articles did not aim to determine SB, ii. no measurement properties were
assessed, and/or iii. the study was performed in children or diseased populations. In total 75
studies and 69 self-reported measurement tools were included (Table 1).
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Figure 1: flowchart of the inclusion of studies.

Attributes of the questionnaires, logs and diaries. The majority of the subjective
measures were questionnaires and contained different domains and settings of SB (Table
2). Measurement tools differed regarding the timing (week vs weekend), recall period and
number of questions. Nearly all self-reported measurement tools expressed SB in total
sitting time (hrs/day or hrs/week). The PASB‑Q, SITBRQ, SIT-Q, SIT-Q-7d, TASST and several
other questionnaires (38, 60, 67, 73, 75, 76, 81, 82) included total sitting time, but also
information about sitting bout duration or breaks in sitting time.
Validity. A total of 75 studies examined the validity of one or more methods to assess SB,
resulting in a comparison of 87 unique methods (Table 2). Of the 87 results, 5 were ranked
with an excellent level of evidence, 7 studies with a good level of evidence, 7 with a fair
level of evidence and 68 with a poor level of evidence. The most important shortcoming of
the validation studies was the use of an accelerometer (n=56) to examine criterion validity of
the method to assess SB. A total of 24 studies used the gold standard approach (thigh-worn
accelerometer), three studies used diaries/logs and one used direct observation to assess
construct validity. Most studies calculated correlation coefficients between the criterion
measure and the self-reported questionnaire, which ranged between -0.01 to 0.90 for total
sedentary time and ranged between 0.02 to 0.39 for number of sedentary bouts or breaks
(Table 3). Other studies used ICCs (N=8), kappa values (N=2), and sensitivity and specificity
outcomes (N=1) to determine the validity, and some added Bland-Altman plots with a mean
difference and limits of agreement to examine the accuracy of the method to assess SB
(N=41). Figure 2A provides an overview of the correlation coefficient of all individual studies
combined with the level of evidence.
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Table 1. Description of measurement tools to determine sedentary behaviour
Name of tool (reference)

Specific
tool (no. of

Construct
Domain

b

questions) a

Distinction

Recall

in days (wk/

period

Formatc

Unit

T

Hrs (cat)

wknd; work
days)
1-item questionnaires
EEPAQ; Elderly EXERNET

Q (1)

To

yes

1 wk

4

Physical Activity Questionnaire
(25)
GPAQ: Global Physical Activity

Q (1)

To

no

-

T

Hrs + min

Q (1)

To

no

1 wk

T

Hrs + min

Q (1)

W

no

-

T

Hrs + min

Q (1)

To

no

-

T

Hrs

SED-GIH (36)

Q (1)

To

no

-

T

Hrs (cat)

SQ; Single Question (37-39)

Q (1)

To

no

-

T

Hrs + min

Q (1: 1, 2: 1,

To

no

1d

T

Hrs + min

Questionnaire (26-30)
IPAQ (short); International
Physical Activity Questionnaire
(31-33)
Modified MOSPA-Q; MONICA
Optional Study on Physical
Activity Questionnaire (34)
PPAQ; Paffenbarger Physical
Activity Questionnaire (35)

TASST; TAxonomy of Selfreport SB Tools (38, 40)

3: 1)

1 wk

%

1) Single item total times; 2)
Single item proportion; 3) TV
time
T-SQ; Total sitting questionnaire

Q (1)

To

no

7d

T

Hrs + min

TV-Q; TV viewing (41)

Q (1)

To

no

-

T

Hrs + min

YPAS; Yale Physical Activity

I (1)

To

no

-

T

Hrs

(41)

Survey for Older Adults (42)
Clemes et al. 2012 (39)

Q (1)

To

yes

-

T

Hrs + min

Gupta et al. 2017 (43)

Q (1)

To

no

3d

T

Hrs + min

Q (4)

L

no

1 wk

T

Hrs + min

Q (4)

To + L

yes

1y

T

Hrs (cat)

Q (9)

L + other

no

4 wk

T

Hrs (cat)

Q (3)

To + W + Tr

no

-

T

Hrs

2-9-item questionnaires
AQuAA; Activity Questionnaire
for Adults and Adolescents (44)
Cancer Prevention Study-3
Sedentary Time Survey (45)
CHAMPS; Community Health
Activities Model Program for
Seniors (42, 46)
FPACQ; Flemish Physical
Activity Computerized
Questionnaire (47, 48)
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Table 1. Continued
Name of tool (reference)

Specific
tool (no. of

Construct
Domainb

questions) a

Distinction

Recall

in days (wk/

period

Formatc

Unit

wknd; work
IPAQ (long); International

Q (2)

To

days)
no

1 wk

T

Hrs + min

Q (2)

W

no

-

T

Hrs

Q (3)

W

no

1 wk

T

Physical Activity Questionnaire
(32, 49-53)
OPAQ; Occupational Physical
Activity Questionnaire (54)
OSPAQ; Occupational

% of
sitting

Sitting and Physical Activity
Questionnaire (34, 55-57)
PAS2; Physical Activity Scale

Q (2)

L+W

no

-

T

Hrs + min

Q (3)

L+W

no

4 wk

T

Hrs + min

Q (3)

L+W

no

-

T / Br

Hrs (cat)

(58)
PASBAQ; Physical Activity and
Sedentary Behavior Assessment
Questionnaire (59)
PASB-Q; Physical Activity

number

and Sedentary Behavior
Questionnaire (60)
PAST-U; Past-day Adults’

Q (9)

L + Tr + W

no

1d

T

Hrs + min

Q (2)

To

no

1 wk

T

Hrs + min

Q (4)

L + Tr

no

4 wk

T

Hrs (cat)

Q (4)

L

yes

T

Hrs

Q (6)

L + Tr + W

no

T

Hrs + min

Q (2)

W

yes

Sedentary Time University (61)
PAT Survey; Physical Activity
and Transit Survey (62)
RPAQ; Recent Physical Activity
Questionnaire (63, 64)
Regicor Short Physical
Activity Questionnaire (65)
SCCS PAQ; Southern

-

Community Cohort Study
Physical Activity Questionnaire
(66)
SITBRQ: Workplace Sitting

Br

Breaks Questionnaire (67)
Stand Up For Your Health

Freq +
duration

I (7)

L + Tr +W

no

1 wk

T

Hrs + min

Q (7)

L + Tr + W

yes

4 wk

T

Hrs + min

Questionnaire (42, 68)
STAQ; Sedentary,

(cat)

Transportation and Activity
Questionnaire (69)
TASST; TAxonomy of Self-

Q (4: 2, 5: 13)

H + L + Tr

no

+W

report SB Tools (38)

1d

T / Bou

1 wk -

Hrs + min
No. of
bouts +

4) Patterns ; 5) Sum of domains

duration
Survey of older adults’

Q (8)

L + Tr + W

no

1 wk

T

Hrs + min

Q (8)

L + Tr + W

no

1 mo

T

Hrs + min

sedentary time (70)
Web-based physical activity
questionnaire Active-Q (71)
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Name of tool (reference)

Specific
tool (no. of

Construct
Domainb

questions) a

Distinction

Recall

in days (wk/

period

Formatc

Unit

T

Hrs + min

wknd; work
days)
WSWQ; Percentage-Method

Q (3/7)

L+W

yes

1 mo

%

Improves Properties of Workers’
Sitting- and Walking-Time
Questionnaire (72)
Clark et al. 2011 (73)

Q (2)

W

yes

1 wk

T / Br

Hrs + min /
Freq

Jefferis et al. 2016 (74)

Q (4)

L + Tr

no

-

T

Hrs

Lagersted-Olsen et al. 2014

Q (4)

L+W

no

1 wk

T / Bou

Hrs + min

Sudholx et al. 2012 (76)

Q (2)

W

no

1 wk

T / Br

Hrs + min /

Cartmel et al. 1992 (77)

Q (2)

Qa: H, L

Qa: no

Qa: 1 yr

T

Hrs + min

Qb: To

Qb: yes

Qb: -

Q (12)

L + Tr + W

yes

1 wk

T

Hrs + min

Q (10)

L + Tr + W

yes

7d

T

Hrs + min

Q (19)

L + Tr + W

no

-

T

Hrs + min /

Q (14)

L + Tr + W

no

-

T

Hrs + min

Q (18)

L + Tr + W

yes

-

T

Hrs + min

Q (20)

L + Tr + W

yes

1 yr

T / Br

Hrs + min

Q (20)

L + Tr + W

yes

1 wk

T / Br

(75)
Freq
Questionnaire A / B
≥10-item questionnaires
ASBQ: Adult Sedentary
Behaviour Questionnaire (29)
Chu et al. 2018
D-SQ; Domain-Specific
Questionnaire (41)
MPAQ; Madras Physical Activity
Questionnaire (78)
MSTQ; Multicontext Sitting

Freq

Time Questionnaire (79)
SBQ; Sedentary Behaviour
Questionnaire (49, 80)
SIT-Q; Sedentary Behavior

(cat)

Questionnaire (81)
SIT-Q-7d; last 7-d sedentary

(cat) / Freq

behavior questionnaire (82, 83)
STAR-Q (84)

Hrs + min
(cat) / Freq

Q (17)

H + L + Tr

no

4 wk

T

Hrs + min

1d

T

Hrs + min

+W
TASST; TAxonomy of Self-

Q (13)

H + L + Tr

no

+W

report SB Tools (38) (40)

1 wk

6) Sum of behaviours
WSQ; Workforce Sitting

Q (10)

L + Tr + W

yes

1 wk

T

Hrs + min

Clark et al. 2015 (86)

Q (10)

L + Tr + W

yes

1 wk

T

Hrs + min

Clemes et al. 2012 (39)

Q (10)

L + Tr + W

yes

-

T

Hrs + min

Ishii et al. 2018 (87)

Q (12)

L + Tr + W

Yes

1 wk

T

Hrs + min

Marshall et al. 2012 (88)

Q (10)

L + Tr + W

yes

-

T

Hrs + min

Questionnaire (56, 85)

(cat)
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Table 1. Continued
Name of tool (reference)

Specific
tool (no. of

Construct
Domainb

questions) a

Distinction

Recall

in days (wk/

period

Formatc

Unit

wknd; work
days)
Van Cauwenberg et al. 2017

Q (12)

L + Tr

no

1 wk

T

Hrs + min

Q (20)

L + Tr + W

no

-

T

Hrs + min

L

L + Tr +W

yes

1d

T

Hrs + min

D

To

no

-

T

Hrs + min

D

L + Tr +W

no

1d

T

Hrs + min

D

L + Tr + W

no

1d

T

Hrs + min

D

To

no

1d

T

Hrs + min

I

L + Tr + W

no

1d

T

Hrs + min

I

L + Tr + W

no

1d

T

Hrs + min

PDR; Previous Day Recall (51)

I

L + Tr + W

no

1d

T

Hrs + min

Time Use Survey (98)

D

L + Tr + W

no

1d

T

Hrs + min

Updated PDR; Updated

I

L + Tr + W

no

1d

T

Hrs + min

(89)
Visser et al. 2010 (90)
Logs and diaries
7-day SLIPA Log; (7-day
Sedentary and Light Intensity
Physical Activity Log) (91)
BAR; Bouchard Activity Record
(92)
BeWell24 Self-Monitoring
App (93)
cpar24; Computer-Based 24Hour Physical Activity Recall
Instrument (94)
EMA; Ecological Momentary
Assessment (95)
MARCA; Multimedia Activity

(cat)

Recall for Children and Adults
(37, 96)
PAMS; Physical Activity
Measurement Survey (97)

Previous Day Recall (99)
a
Q=questionnaire; L=log; D=diary; I=interview
b

To=Total; H=Household; L=Leisure; Tr=Transport; W=Work

c

T=Total time; Br=breaks; Bou=bouts
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Meta-analyses. The correlation coefficients of logs and diaries (correlation coefficient
estimate [R] = 0.63 [95% CI 0.48-0.78], I2: 95%) were substantially higher than the
coefficients of the questionnaires (R = 0.35 [95% CI 0.31-0.39], I2: 90%). Furthermore,
correlation coefficient estimates of the questionnaires with ≥10-item (R = 0.38 [95% CI
0.29-0.46], I2: 89%)) did not differ much from the questionnaires with fewer items (1item questionnaire R =0.33 [95% CI 0.27-0.37], I2: 68%; 2 to 9-item questionnaires R
=0.35 [95% CI 0.29-0.40], I2: 93%) (Figure 2A). Stratified analyses, including only studies
examining questionnaires with a good-to-excellent level of evidence, revealed similar results
(R questionnaires = 0.35 [95% CI 0.28-0.42], I2: 87%).
Reliability. Reliability for total sitting time and number of breaks in sitting time was
determined in 50 studies. One study was rated with excellent quality; other studies were
rated with good (n=27), fair (n=16), and poor (n=6) level of evidence. Most studies with a
lower level of evidence were limited by a small sample size and calculation of correlation
coefficients instead of ICCs. The time interval between the first and second assessment
ranged between 0.5 hours and 15 months, but most studies had an interval of 1-2 weeks
(n=39, Table 3). The majority of the studies calculated the ICC to examine the test-retest
reliability of SB, but some studies used correlation coefficients (N=5), Bland-Altman plots
with mean difference and limits of agreement (N=2), and kappa values (N=2). The ICC of the
test-retest reliability of the subjective measures of SB ranged between 0.44 and 0.91 (Table
3, Figure 2B). The ICC estimates were comparable between the logs and diaries, ≥10-items
questionnaires, 2 to 9-item questionnaires, and 1-item questionnaires.
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Table 2. Construct validity of subjective sedentary behaviour measurement tools.
Subjective tool

Study population

Validity

Level of
Evidence

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

EEPAQ; Elderly EXERNET
Physical Activity
Questionnaire (25)
Lopez-Rodriguez et al.
2017

73

15%
71.96 (5.48)
ESP

Actigraph
GT1 M

0.574
P<0.01

GPAQ: Global Physical
Activity Questionnaire
Chu et al. 2018 (29)

78

31%
20-65 y
SGP

Actigraph
GT3X-BL

Self-administered: 0.46
(0.18; 0.68)
Interview administered:
0.12 (-0.11; 0.33)

MB -175.8 min
(LoA -556.1 ;
206.5)
More details
are provided in
study

Poor

GPAQ: Global Physical
Activity Questionnaire
(28)
Cleland et al. 2014

65

54%
44 (14)
GBR

Actigraph
GT3X

0.187
P=0.135

MB -348.7 min
(LoA -721.1;
23.7)

Poor

GPAQ: Global Physical
Activity Questionnaire
(26)
Laeremens et al. 2017

122

45%
35 (10)
BEL, ESP, GBR

Sensewear
armband

Mid-season: 0.09 P>0.05
Summer: 0.25 P<0.01
Winter: 0.24 P<0.01

MB 8 min (LoA
-75; 92)

Poor

GPAQ: Global Physical
Activity Questionnaire
(30)
Metcalf et al. 2018

108

31%
49.4 y (range:
19.8–68.7)
USA

ActiGraph
GT9X

0.19

Poor

GPAQ: Global Physical
Activity Questionnaire
(27)
Wanner et al. 2017

366

49%
47.0 (15)
CHE

Actigraph
GT3X+

0.47 P≤0.001

Poor

IPAQ (short); International 2721
Physical Activity
Questionnaire (32)
Craig et al. 2003

25-73%
18–65 y
12 countries

Accelerometer
(CSA model
7164)

Range: 0.07 – 0.61

Poor

IPAQ (short); International 313
Physical Activity
Questionnaire (49)
Prince et al. 2018

0%
42.8 (11.9)
CAN

ActiGraph
GT3X

0.31 (P<0.001)

IPAQ (short); International 289
Physical Activity
Questionnaire) (50)
Rosenberg et al. 2008

45%
35.9 (11.3)
GBR, USA, NLD

accelerometer
(CSA model
7164)

0.34

Poor

Modified MOSPA-Q;
MONICA Optional Study
on Physical Activity
Questionnaire (34)
Chau et al. 2012

70

40%
19-60+ y
AUS

ActiGraph
GTIM

0.52 P<0.01

Poor

PPAQ; Paffenbarger
Physical Activity
Questionnaire (35)
Simpson et al. 2015

419

49%
M: 43.8 (15.8)
F: 44.3 (16.5)
USA

Actical

0.20 (0.14; 0.33)

Poor

Other results

1-item questionnaires
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Poor

IPAQ:
MB 451.9 –
0.826* min

Poor
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Subjective tool

Study population

Validity

Level of
Evidence

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

SED-GIH (36)
Larsson et al. 2018

284

33%
42.9 y (8.9)
SWE

ActivPAL

0.31 (95% CI 0.20–0.41),
P<0.001

Excellent

SQ; Single Question (37)
Aguilar-Farias et al. 2015

37

34%
74.5 (7.6)
AUS

ActivPAL 3

0.33; wk 0.31; wknd 0.28

Fair

SQ; Single Question (39)
Clemes et al. 2012

44

30%
41.5 (12.8)
GBR

ActiGraph
GT1M

wk: 0.70 (P<0.001)
wknd: 0.55 (P<0.001)

ICC
wk: 0.82
(P<0.001)
wknd: 0.69
(P<0.001)

Poor

TASST; TAxonomy of
Self-report SB Tools (38)
1) Single item total times;
2) Single item proportion;
3) TV time
Chastin et al. 2018

700

48%
64 – 83 y
GBR

ActivPal

Previous day
1) 0.20; 2) 0.28; 3) 0.24
Previous wk
1) 0.23; 2) 0.36; 3) 0.23
Unanchored
1) 0.20; 2) 0.32; 3) 0.26
All P-values<0.001

Previous day
1) LoA -147;
561
2) LoA -22; 48
3) LoA 145;
733
Previous wk
1) LoA; -150;
564
2) LoA; -19; 43
3) LoA 81; 732
Unanchored
1) LoA -135;
549
2) LoA -19; 51
3) LoA 125;
705

Excellent

T-SQ; Total sitting
questionnaire (41)
Kozey-Keadle et al. 2012

13

75%
46.5 (10.8)
USA

ActivPal

wk 0.41; wknd 0.55

Wk MD 40.5
min (−125.2;
22.3)
Wknd MD
147.4 min
(−228.3;
−66.6)

Poor

TV-Q; TV viewing (41)
Kozey-Keadle et al. 2012

13

75%
46.5 (10.8)
USA

ActivPal

wk: 0.07; wknd: -0.11

YPAS; Yale Physical
Activity Survey for Older
Adults (42)
Gennuso et al. 2015

58

21%
75.1 (6.5)
USA

ActiGraph
GT1M

Gupta et al. 2017 (43)

183

60%
44.9 (9.8)
DNK

Actigraph
GT3X

Other results

4

Poor

kappa -0.0003, Poor
(-0.0025;
0.0019)
0.32 P<0.001

MB 204.1 min
(LoA 112.40.6*min;
463.6+
0.6*min)

Poor
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Table 2. Continued
Subjective tool

Study population

Validity

Level of
Evidence

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

47

36%
30.1 (3.6)
NLD

Actigraph
model 7164

Cancer Prevention
713
Study-3 Sedentary Time
Survey (45)
Rees-Punia et al. 2018

41%
51.7 y (range 31-72)
USA

Actigraph GT3x 0.41 (0.35; 0.47)
accelerometer
+ diary

CHAMPS; Community
Health Activities Model
Program for Seniors (46)
Hekler et al. 2012

870

43%
66 – 80+
USA

Actigraph
model 7164
and 71256

0.12 P<0.001

MB –2841.6
min
(LoA -4476.7;
-1206.5)

Poor

CHAMPS; Community
Health Activities Model
Program for Seniors (42)
Gennuso et al. 2017

58

21%
75.1 (6.5)
USA

ActiGraph
GT1M

0.14 P=0.28

CHAMPS:
MB -5.21 hrs
(LoA -2.2; -8.3)

Poor

FPACQ; Flemish Physical
Activity Computerized
Questionnaire (47)
Matton et al. 2007

81

77%
22-78 y
BEL

RT3 Triaxial
Research
Tracker +
activity record

Employed / unemployed
Eat: M 0.53 (p<0.01);
F 0.56 (p<0.01)
Sleep M 0.69 (p<0.001);
F 0.60 (p<0.001)
Tv M 0.69 (p<0.001);
F 0.83 (p<0.001)
Retired
Eat M 0.33; F 0.15
Sleep M 0.57 (p<0.01); F
0.51 (p<0.05)
Tv M 0.78 (p<0.001);
F 0.80 (p<0.001)

Poor

FPACQ; Flemish Physical
Activity Computerized
Questionnaire (48)
Scheers et al. 2012

405

SenseWear
+ electronic
activity diary

Total sedentary time 0.54
(P <0.001)
Screen time 0.57
(P=0.648)
Motorized transport 0.58
(P <0.001)

Poor

IPAQ (long); International
Physical Activity
Questionnaire (33)
Chastin et al. 2014

69

67%
41.1 (9.0)
GBR

ActivPal

0.159
(P=0.193)

IPAQ (long); International
Physical Activity
Questionnaire (85)
Chau et al. 2011

95

37%
18-60+ y
AUS

Actigraph
GT1M

Wk: 0.47
Wknd: 0.31
Total: 0.46

IPAQ (long); International
Physical Activity
Questionnaire (52)
Cleland et al. 2018

228

57%
71.8 (6.6) y
GBR

Actigraph
GT3X+

Wk: 0.70 (P<0.01)
Wknd: 0.26

Correlation
(95%CI)

Other results

2-9-item questionnaires
AQuAA; Activity
Questionnaire for Adults
and Adolescents (44)

ICC 0.15

Poor

Chinapaw et al. 2009

72

41.4 (9.8)
BEL

Poor

ICC 0.149

Good

Poor

Wk: MB -168.6
min (LoA
-451.8; 114.6)
Wknd d: MB
-173.9 (LoA
-441.6; 93.8)

Poor

Validity and reliability of subjective measures

Subjective tool

Study population

Validity

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

IPAQ (long); International
Physical Activity
Questionnaire (32)
Craig et al. 2003

2721

25-73%
18–65 y
12 countries

Accelerometer
(CSA model
7164)

Range: 0.14 – 0.51

Poor

IPAQ (long); International
Physical Activity
Questionnaire (50)
Rosenberg et al. 2008

289

45%
35.9 (11.3)
GBR, USA, NLD

accelerometer
(CSA model
7164)

0.33

Poor

IPAQ (long); International
Physical Activity
Questionnaire (53)
Ryan et al 2018

86

48%
73.7 (6.3)

GENEA,
(GENEactiv
Original)

0.29

MD 27.6 (LoA
± 26.5 hrs/
week)

Poor

IPAQ (long); International
Physical Activity
Questionnaire (31)
Wanner et al. 2016

346

45%
54.6
CHE

Actigraph
GT3X

0.42 P≤0.001

MB 26.4 min
(LoA -12.0;
64.9)

Poor

OPAQ; Occupational
Physical Activity
Questionnaire (54)
Reis et al. 2005

41

32%
38.8 (9.9)
USA

Physical activity
record

0.37

OSPAQ; Occupational
Sitting and Physical
Activity Questionnaire
(34)
Chau et al. 2012

76

40%
19-60+ y
AUS

ActiGraph
GTIM

0.65 P<0.01

MD 22 min
(LoA -141.53;
185.18)

Poor

OSPAQ; Occupational
Sitting and Physical
Activity Questionnaire
(57)
Jancey et al. 2014

41

41%
18 - 50+
AUS

ActiGraph
GT3X + on the
waist or thigh

0.58 (0.33; 0.75)

MB –25.4 min
(LoA -784.7;
733.9)

Poor

OSPAQ; Occupational
Sitting and Physical
Activity Questionnaire
(55)
Pedersen et al. 2016

34

25%
45.62 (10.96)
AUS

ActivPal

0.90

MB 3.16%
(LoA -21.4%;
15.1%)

Poor

OSPAQ; Occupational

42

14%
38 (11)
AUS

ActivPAL

Day 1: 0.37 (P<0.05)
Day 2: 0.48 (P<0.05)
Day 3: 0.35 (P<0.05)

only figures
available for
MB and LoA

Fair

330

38%
46.7 (8.5)
DNK

Actiheart

0.197 (P=0.053)

MB −2.3 hrs
(LoA −9.04;
4.34)

Poor

Sitting and Physical
Activity Questionnaire
(56)
van Nassau et al. 2015
PAS2; Physical Activity
Scale (58)
Pedersen et al. 2017

Level of
Evidence
Other results

4

Poor

73
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Table 2. Continued
Subjective tool

Study population

Validity

Level of
Evidence

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

PASBAQ; Physical Activity 2175
and Sedentary Behaviour
Assessment Questionnaire
(59)
Scholes et al. 2014

46%
M: 52.7 (17.7)
F: 51.8 (17.8)
GBR

ActiGraph
GT1M

Sedentary time for
different cut-off points
M
<50 cpm 0.25 (0.19;
0.31); <100 cpm 0.25
(0.19; 0.30); <200 cpm
0.23 (0.17; 0.29)
F
<50 cpm 0.31 (0.25;
0.37); <100 cpm 0.30
(0.24; 0.35); <200 cpm
0.27 (0.21; 0.32)

Poor

PASB-Q; Physical Activity
and Sedentary Behavior
Questionnaire (60)
Fowles et al. 2017

32

19%
M: 63 (9)
F: 55 (10)
USA

ActiGraph®
GT3X

Total SB: 0.29 P=0.13
Breaks: 0.02 P>0.05

Poor

PAST-U; Past-day
Adults’ Sedentary Time
University) (61)
Clark et al. 2016

57

53%
26 y (IQR 23; 31)
AUS

ActivPAL

0.63 (0.44; 0.76)

ICC 0.64 (0.45;
0.77)
MB 0.08 hrs
(LoA −3.9; 4.1)

Good

PAT Survey; Physical
Activity and Transit Survey
(62)
Yi et al. 2015

667

39%
18 – 65+
USA

ActiGraph
GT3X

0.32
P <0.001

MD: 49 min
(LoA −441;
343)

Poor

RPAQ; Recent Physical
Activity Questionnaire(64)
Besson at el. 2010

50

50%
F 34.3 (8.8) M 35.2
(9.9)
GBR

Doubly labeled
water and
accelerometer
with heart rate

0.27 (P = 0.06)

0.7 hrs (LoA
6 2.8)

Poor

RPAQ; Recent Physical
Activity Questionnaire
(63)
Golubic et al. 2014

1923

30%
F: 54.0 (9.3), M:
55.0 (9.9)
EUR

Actiheart

F: 0.20 (0.14; 0.25)
M: 0.25 (0.19; 0.31)

F: MB -3.3 hrs
(LoA -9.0; 4.1)
M: MB -2.3 hrs
(LoA -8.3; 5.5)
Total MB -3.1
hrs
(LoA -9.6; 4.9)

Poor

Regicor Short Physical
Activity Questionnaire
(65) Molina et al. 2017

114

45%
54.5 (12.1)
ESP

SenseWear
Pro3 Armband

0.244 (P=0.020)

Poor

SCCS PAQ; Southern
Community Cohort
Study Physical Activity
Questionnaire (66)

118

48%
54.5 (8.4)
USA

RT3 Stayhealthy Range 0.17-0.30

Poor

SITBRQ: Workplace
Sitting Breaks
Questionnaire (67) Pedisic
et al. 2014

143

37%
18 - 60+
AUS

Actigraph
GT1M

Freq : 0.24 (0.07; 0.40)
Duration: 0.05 (−0.12;
0.22)

Poor

Stand Up For Your
Health Questionnaire
(68)
Gardiner et al. 2011

48

27%
72.8 (8.1)
AUS

ActiGraph
GTIM

0.30 (0.02; 0.54)

Other results

Buchowski et al. 2012

74

MB -9.20 +
0.67 hrs
(LoA ± 3.82)

Poor

Validity and reliability of subjective measures

Subjective tool

STAQ; Sedentary,
Transportation and
Activity Questionnaire
(69)
Mensah et al. 2016

Study population

Validity

N

Comparison
measure

88

gender male;
mean age [SD] or
age range;
nationality
47%
40.5 (14.3)
FRA

Actigraph
GT3X+ + Log

Level of
Evidence
Correlation
(95%CI)

Total 0.54 (P<0.001)
Work 0.88 (P<0.001)
Transport 0.35 (P=0.001)
Leisure time 0.19
(P=0.09)

Other results

Total ICC 0.44
(0.25; 0.60)

Poor

4

TV/DVD 0.46 (P<0.001)
Computer/tablet/video
game 0.42 (P<0.001)
TASST; TAxonomy of Selfreport SB Tools (38)
4) Sum of domains;
5) Patterns
Chastin et al. 2018

700

48%
64 – 83 y
GBR

ActivPal

Previous day
4) 0.23; 5) 0.17
Previous wk
4) 0.30; 5) 0.23
Unanchored
4) 0.16; 5) 0.02
All P-values<0.001

Previous day
4) LoA -273;
533
5) LoA -472;
748
Previous wk
4) LoA -413;
482
5) LoA -529;
727
Unanchored
4) LoA-373;
529
5) LoA -34;
980
All P-values
<0.001

Excellent

Survey of older adults’
sedentary time (70)
Gennuso et al. 2016

44

36%
70 (68-76)
USA

ActivPAL

0.06
(P=0.72)

MB 0.31 hrs
(LoA -6.74;
7.37)

Fair

Web-based physical
activity questionnaire
Active-Q (71)
Bonn et al. 2015

148

100%
65.4 (8.7)
SWE

GENEA
Accelerometer

0.19 (0.04; 0.34)

MB -178 min
(LoA -606,25)

Poor

WSWQ; PercentageMethod Improves
Properties of Workers’
Sitting- and Walking-Time
Questionnaire (72)
Matsoe et al. 2016

62

58%
F 35.8 (7.5)
M 46.3 (8.0)
JPN

ActivPAL

Time method
At work: 0.56
Work day, not at work:
0.51
Non-workday: 0.37
Percentage method
At work: 0.65
Work day, not at work:
0.60
Non-workday: 0.53
All P<0.05

Time method
At work: MB -7
min (LoA -241;
241)
Non-workday:
MB -115 min
(LoA -588;
358)
Percentage
method
At work: MB
35 min (LoA
-200; 269)
Non-workday:
MB -56 min
(LoA -392;
281)

Good

75
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Table 2. Continued
Subjective tool

Study population

Validity

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Cartmel et al. 1992 (77)
Questionnaire A
Questionnaire B

24

38%
M 69 (66 - 80)
F 74 (59 - 83)
USA

Diary

Clark et al. 2011 (73)

121

40%

Accelerometer

Median 34.9
(28.5–46.0)
AUS
Ishii et al. 2018 (87)

Level of
Evidence
Correlation
(95%CI)

Other results

Time difference Poor
Qa 230 min
P<0.001
Qb 40 min,
P=0.47
Sedentary time

Sedentary time

0.39 (0.22; 0.53)
Sedentary breaks
0.26 (0.11; 0.44)

MB -2.75 +
0.47* hrs
(LoA ±2.25)

Poor

392

Active
style Pro, HJA350IT

Total
0.49, P < 0.001
Workdays
0.57, P < 0.001
Non-workdays
0.23, P < 0.001

Total
Poor
MB -13.4 min/d
(LoA -361.9;
335.2)
Workdays
MB -0.4 min/d
(LoA -378.9;
378.1)
Non-workdays
MB -49.2
min/d (LoA
-477.7; 379.2)

Jefferis et al. 2016 (74)

1377

100%
79 (71-93)
GBR

ActiGraph
GT3X +

0.17
P<0.001

MB 300 min
(LoA −6; 607)

Poor

Lagersted-Olsen et al.
2014 (75)

26

53%
40.9 (8.6)
DNK

ActiGraph
GT3X+ + diary

Work:
Total 0.081 (P=0.699)
Uninterrupted sitting
0.315(P=0.126)
Leisure time at workday:
Total -0.185 (P=0.366)
Uninterrupted sitting
-0.069 (P=0.762)
Leisure day:
Total 0.100 (P=0.626)
Uninterrupted sitting
0.063 (P=0.770)

Work:
MB 0.0 (LoA
-3.4; 3.4)
Leisure:
MB 2.4 (LoA
-7.8; 3.0)
Uninterrupted
sitting:
MB 0.5 (LoA
-1.1; 2.1)

Poor

Sudholz et al. 2017 (76)

52

58%
32.1 (9.9)
AUS

ActivPal

Sitting time 0.24
(-1.0; 0.47)
Breaks 0.39
(0.25; 0.74)

78

31%; 20-65 y; SGP

Actigraph
GT3X-BL

Self-administered: 0.31
(-0.02; 0.58)
Interview administered:
-0.07 (-0.37; 0.24)

Good

≥10-item
questionnaires
ASBQ; Adult Sedentary
Behaviour Questionnaire
(29)
Chu et al. 2018

76

MB 4.6 min/d
(LoA -431.2;
440.4)
More details
see full study

Poor

Validity and reliability of subjective measures

Subjective tool

Study population

Validity

N

gender male;
mean age [SD] or
age range;
nationality
75%
46.5 (10.8)
USA

Comparison
measure

Correlation
(95%CI)

Other results

ActivPal

wk 0.30; wknd:0.17

Wk 176 min
(96.1; 256.9)
Wknd 157.6
min
(22.1; 293.0)

53%
44.4 (14.2)
IND

GT3X+ Triaxial

0.48 (0.32; 0.62)

Poor

MSTQ; Multicontext
25
Sitting Time Questionnaire
(79)
Whitfield et al. 2013

44%
34.5 (7.7)
USAA

ActiGraph
GT1M

Work 0.34 P=0.13
Non-working 0.61 =0.01

Poor

SBQ; Sedentary Behaviour 313
Questionnaire (49)
Prince et al. 2018

5%
42.8 (11.9)
CAN

ActiGraph
GT3X

0.43 (P<0.001)

SBQ; Sedentary Behaviour 842
Questionnaire (80)
Rosenberg et al. 2010

48%
M: 43.9 (8.0)
F: 41.2 (8.7)
USA

Actigraph
(model WAM
7164)

Wk -0.02 (0.78)
Wknd -0.005 (0.93)
Total -0.01 (0.81)

Poor

SIT-Q; Sedentary Behavior 34
Questionnaire (81)
Lynch et al. 2014

41%
38.0 (19.5)
CAN

1) Diary –
postural
definition
2) Diary
MET-based
definition

1) Postural definition
Total 0.53 (P<0.01)
Meals 0.19 (P=0.11)
Transportation 0.37
(P<0.01)
Work, study, and
volunteering 0.76
(P<0.01)
Care 0.49 (P<0.01)
Leisure time 0.26
(P=0.03)
2) MET-based definition
Total 0.52 (P<0.01)
Meals 0.29 (P=0.01)
Transportation 0.34
(P<0.01)
Work, study, and
volunteering 0.75
(P<0.01)
Care 0.46 (P<0.01)
Leisure time 0.26
(P=0.03)

Poor

SIT-Q-7d; last 7-d
sedentary behavior
questionnaire (82)
Busschaert etl al. 2015

Adults:
36%
47.7 (10.5)
Older adults:
61%
72.2 (4.4)
BEL

ActivPAL

Adults:
Average day 0.49 (0.18;
0.71) P=0.004
Wk 0.52 (0.22; 0.73)
P=0.002
Wknd 0.36 (−0.29; 0.40)
P=0.743
Older Adults:
Average day 0.48 (0.16;
0.71) P=0.005
Wk 0.50 (0.19; 0.72)
P=0.003
Wknd 0.38 (0.04; 0.64)
P=0.030

Fair

D-SQ; Domain-Specific
Questionnaire (41)
Kozey-Keadle et al. 2012

20

MPAQ; Madras Physical
Activity Questionnaire
(78)
Anjana et al. 2015

520

66

Level of
Evidence

MB 350.270.6685* min

Poor

4

Poor

77
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Table 2. Continued
Subjective tool

Study population

Validity

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

Other results

SIT-Q-7d; last 7-d
sedentary behavior
questionnaire (83)
Wijndeale et al.2014

53

38%
38.4 (11.3)
BEL

ActivPAL +
domain log

Dutch version
Total 0.52 P<0.001
Meals 0.21 P>0.05
Transportation 0.46
P<0.001
Occupation 0.63 P<0.001
Screen time 0.76
P<0.001
Other 0.36 P<0.05

Dutch
MD 59 min
(LoA -4.81;
8.17)

STAR-Q (84)
Csizmadi et al. 2014

102

40%
M: 50.6 (6.9)
F: 46.0 (8.6)
CAN

Doubly Labeled
Water and 7-d
activity diary

Total 0.40 P<0.001
Occupational sitting 0.75

TASST TAxonomy of Selfreport SB Tools (38)
6) Sum of behaviours
Chastin et al. 2018

700

48%
64 – 83 y
GBR

ActivPal

Previous day
6) 0.23
Previous wk
6) 0.32
Unanchored
6) 0.33
All P-values<0.001

Previous day
6) -651; 367
Previous wk
6) -755; 265
Unanchored
6) -725; 286

Excellent

WSQ; Workforce Sitting
Questionnaire (85)
Chau et al. 2011

95

37%
18-60+ y
AUS

Actigraph
GT1M

Work: 0.45
workday: 0.34
non-work: 0.23
Total: 0.40

Total MD
44.55
(LoA -295.31;
384.41)
Work day
MD 1.58
(LoA -227.86;
231.02)

Poor

WSQ; Workforce Sitting
Questionnaire (56)
van Nassau et al. 2015

42

14%
38 (11)
AUS

ActivPAL

Day 1: 0.25 (P>0.05)
Day 2: 0.29 (P>0.05)
Day 3: 0.30 (P>0.05)

No exact
numbers
available for
MB and LoA,
figure only

Fair

Clark et al. 2015 (86)

700

45%
59 y (range 35-65+)
AUS

ActivPAL3

0.46 (0.40; 0.52)

0.53*average
hrs (LoA
±4,32 h)

Excellent

Clemes et al. 2012 (39)

44

30%
41.5 (12.8)
GBR

ActiGraph

Domain specific:
wk: 0.54 (P<0.001)
wknd: 0.13 (P=0.41)

ICC
Domain:
wk: 0.64
(P<0.001)
wknd: 0.20
(P=0.23)

Poor

78

Level of
Evidence

Good

Poor

Validity and reliability of subjective measures

Subjective tool

Marshall et al. 2010 (88)

Study population

Validity

Level of
Evidence

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

Other results

101

38%
F: 51-59
M: <50 - >60
AUS

7-d behaviour
log for
correlation
coefficient
and ActiGraph
GT1M for
Bland-Altman
plots

Travel
F wk 0.47; wknd 0.20
M wk 0.64; wknd 0.15
Work
F wk 0.69; wknd 0.38
M wk 0.74; wknd 0.13
TV
F wk 0.61; wknd 0.53
M wk 0.50; wknd 0.33
Computer
F wk 0.74; wknd 0.64
M wk 0.69; wknd 0.61
Other Leisure
F wk 0.26; wknd 0.42
M wk 0.21; wknd 0.19

F
Wk:-63.6
(-395.5; 268.4)
Wknd: 10.8
(-396.0; 419.7)

Poor

4

Van Cauwenberg et al.
2014 (89)

442

45%
74.2 (6.2)
BEL

Actigraph
GT3X +

0.30 (P<0.001)

MB −81.88
(LoA −364.16;
200.41) at 540
min/d

Poor

Visser et al. 2013 (90)

83

51%
74.3 (6.9)
NLD

Actigraph
Model GT3X

0.35 (P<0.05)

MB -2.1 hrs
(LoA −7.40;
3.25)

Poor

7-day SLIPA Log; (7day Sedentary and Light
Intensity Physical Activity
Log)
Barwais et al. 2014 (91)

22

48%
26.5 (4.1)
USA

GT3X

0.86 (0.70; 0.94)

MB -0.3 hrs
(LoA -2.1; 1.6)

Poor

BAR; Bouchard Activity
Record (92)
Hart et al. 2011

32

50%
F: 30.2 (9.5)
M: 29.1 (7.9)
USA

ActivPAL

0.87
P<0.05

BeWell24 SelfMonitoring App
Toledo et al. 2017 (93)

17

85%
49.0 (8.9)
USA

ActivPAL3c

cpar24; Computer-Based
24-Hour Physical Activity
Recall Instrument
Kohler et al. 2017 (94)

49

49%
50 (22-69)
DEU

ActiGraph
GT3X

0.54

EMA; Ecological
Momentary Assessment
(95)
Knell et al. 2017

168

33%
43.4 (13.1)
USA

ActiGraph
GT3X

0.16 (P=0.03)

Poor

34%
74.5 (7.6)
AUS

ActivPAL 3

day 0.63; wk: 0.67;
wknd: 0.47

Fair

Logs and diaries

MARCA; Multimedia
33
Activity Recall for Children
and Adults (37)
Aguilar-Farias et al. 2015

Fair

ICC 0.35 (0.04;
0.56)
MD -160.4 min
(LoA-179.8;
-141.0)

Poor

MD −31 min
(LoA −380;
319)

Poor

79
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Table 2. Continued
Subjective tool

Study population

Validity

N

gender male;
mean age [SD] or
age range;
nationality

Comparison
measure

Correlation
(95%CI)

Other results

MARCA; Multimedia
58
Activity Recall for Children
and Adults (96)
Gomersall et al. 2015

52%
28 (7.4)
AUS

ActivPAL

0.77 (0.64; 0.86) P<0.01

MD 0.59 hrs
(LoA -2.35;
3.53)

Good

PAMS; Physical Activity
Measurement Survey (97)

1356

42%
46.2 (SE 0.4)

SenseWear
Armband Mini

Day 1: 0.45 (P=0.04)
Day 2: 0.49 (P=0.04)

LoA −618.6;
176.0 min

Poor

PDR; Previous Day Recall
(51)
Kozey Keadle et al. 2014

15

47%
33.1 (11.5)
USA

Direct
observation

ICC
Total 0.81
(0.58; 0.91)
Home 0.96
(0.91; 0.98)
Work/
School 0.93
(0.86; 0.97
Community
0.71 (0.47;
0.86)
Household
activity 0.84
(0.69; 0.93)
Work 0.88
(0.75; 0.94)
Education 0.12
(−0.29; 0.48)
Transportation
0.62 (0.32;
0.81)
Leisure 0.55
(0.23; 0.77)

Poor

Time Use Survey
van der Ploeg et al. 2010
(98)

129

59%
18-63
AUS

ActiGraph
GT1M

Household
Day 1: 0.39 (P<0.05)
Day 2: 0.49 (P<0.05)
Leisure time
Day 1: 0.56 (P<0.05)
Day 2: 0.47 (P<0.05)
Transportation
Day 1: 0.50 (P<0.05)
Day 2: 0.42 (P<0.05)
Non-occupational
sedentary time
Day 1: 0.57 (P<0.05)
Day 2: 0.59 (P<0.05)

Updated PDR; Updated
Previous Day Recall (99)
Matthews et al. 2013

88

46%
41.3 (14.8)
USA

ActivPal

M 0.81 (0.05)
F 0.81 (0.04)

Kim et al. 2017

80

Level of
Evidence

USA

Poor

M MB 0.72 hrs
(LoA -2.61;
4.05)
F MB 0.75 hrs
(LoA -2.21;
3.71)

Good

Validity and reliability of subjective measures

4

Figure 2: Overview of construct validity (A) and test retest reliability (B). 1 EEPAQ, Lopez-Rodriguez
et al. 2017; 2 GPAQ, Chu et al. 2018; 3 GPAQ, Cleland et al. 2014; 4 GPAQ, Laeremens et al. 2017; 5
GPAQ, Metcalf et al. 2018; 6 GPAQ, Wanner et al. 2017; 7 IPAQ (short), Craig et al. 2003; 8 IPAQ (short),
Prince et al. 2018; 9 IPAQ (short), Rosenberg et al. 2008; 10 Modified MOSPA-Q, Chau et al. 2012; 11
PPAQ, Simpson et al. 2015; 12 SED-GIH, ; 13 SQ, Aguilar-Farias et al. 2015; 14 SQ, Clemes et al. 2012; 15
TASST Single item total times, Dontje et al. 2018; 16 TASST TV time, Dontje et al. 2019; 17 TASST Single
item total times, Chastin et al. 2018; 18 TASST Single item proportion, Chastin et al. 2018; 19 TASST
TV time, Chastin et al. 2018; 20 T-SQ, Kozey-Keadle et al. 2012; 21 TV-Q, Kozey-Keadle et al. 2012;
22 YPAS, Gennuso et al. 2015; 23 Gupta et al. 2017 (50); 24 AQuAA, Chinpaw et al. 2009; 25 Cancer
Prevention Study-3 Sedentary Time Survey, Rees-Punia et al. 2018; 26 CHAMPS, Hekler et al. 2012; 27
CHAMPS, Gennuso et al. 2017; 28 FPACQ, Matton et al. 2007; 29 FPACQ, Scheers et al. 2012; 30 IPAQ
(long), Chastin et al. 2014; 31 IPAQ (long), Chau et al. 2011; 32 IPAQ (long), Cleland et al. 2018; 33 IPAQ
(long), Craig et al. 2003; 34 IPAQ (long), Rosenberg et al. 2008; 35 IPAQ (long), Ruan et al. 2018; 36 IPAQ
(long), Wanner et al. 2016; 37 OPAQ, Reis et al. 2005; 38 OSPAQ, Chau et al. 2012; 39 OSPAQ, Jancey et
al. 2014; 40 OSPAQ, Pedersen et al. 2016; 41 OSPAQ, van Nassau et al. 2015; 42 PAS2, Pedersen et al.
2017; 43 PASBAQ, Scholes et al. 2014; 44 PASB-Q total SB, Fowles et al. 2017; 45 PASB-Q breaks, Fowles
et al. 2017; 46 PAST-U, Clark et al. 2016; 47 PAT Survey, Yi et al. 2015 ; 48 RPAQ, Besson at el. 2010;
49 RPAQ, Golubic et al. 2014; 50 Regicor Short Physical Activity Questionnaire (68) Molina et al. 2017;
51 SCCS PAQ, Buchowski et al. 2012; 52 SITBRQ bout frequency, Pedisic et al. 2014; 53 SITBRQ bout
duration, Pedisic et al. 2014; 54 Stand Up For Your Health Questionnaire, Gardiner et al. 2011 ; 55 STAQ,
Mensah et al. 2016; 56 TASST, Sum of domains, Dontje et al. 2018; 57 TASST Sum of domains, Chastin

81

Chapter 4

et al. 2018; 58 TASST Patterns, Chastin et al. 2018; 59 Survey of older adults’ sedentary time, Gennuso
et al. 2016; 60 Web-based physical activity questionnaire Active-Q, Bonn et al. 2015; 61 WSWQ Time
method, Matsoe et al. 2016; 62 WSWQ Percentage method, Matsoe et al. 2016; 63 Sedentary time,
Clark et al. 2011; 64 Sedentary breaks, Clark et al. 2011; 65 Jefferis et al. 2016; 66 Lagersted-Olsen et al.
2014 ; 67 Sitting time, Sudholz et al. 2017; 68 Sitting breaks, Sudholz et al. 2017 ; 69 ASBQ, Chu et al.
2018; 70 D-SQ, Kozey-Keadle et al. 2012 ; 71 MPAQ, Anjana et al. 2015; 72 MSTQ, Whitfield et al. 2013;
73 SBQ, Prince et al. 2018 ; 74 SBQ, Rosenberg et al. 2010 ; 75 SIT-Q, Lynch et al. 2014 ; 76 SIT-Q-7d,
Busschaert et al. 2015 ; 77 SIT-Q-7d, Wijndeale et al.2014; 78 STAR-Q, Csizmadi et al. 2014 ; 79 TASST
Chastin et al. 2018; 80 WSQ, Chau et al. 2011; 81 WSQ, van Nassau et al. 2015 ; 82 Clark et al. 2015;
83 Clemes et al. 2012; 84 Ishii et al. 2018; 85 Marshall et al. 2010 ; 86 Van Cauwenberg et al. 2014 ; 87
Visser et al. 2013 (83); 88 7-day SLIPA Log, Barwais et al. 2014 ; 89 BAR, Hart et al. 2011 ; 90 BeWell24
Self-Monitoring App, Toledo et al. 2017 ; 91 cpar24, Kohler et al. 2017 ; 92 EMA, Knell et al. 2017 ; 93
MARCA, Aguilar-Farias et al. 2015; 94 MARCA, Gomersall et al. 2015 ; 95 PAMS, Kim et al. 2017; 96
Time Use Survey, van der Ploeg et al. 2014; 97 Updated PDR, Matthews et al. 2013

Discussion
Time spent in SB has markedly increased over the last few decades and is expected to
continue to increase even further (100). Since SB is associated with many adverse health
outcomes (4-6), exposure to excessive levels of SB represents an emerging health threat,
particularly in the least physically active (101). To improve quality and guide future studies
in this rapidly expanding area of research, this systematic review assessed the validity and
reliability of subjective measures of SB, taking the methodological quality into account. We
present the following observations. First, despite the presence of several measures to assess
SB, significant variability in measurement properties and quality of the studies is present.
Second, criterion validity of the subjective measures ranged between poor to excellent
(R range -0.01 to 0.90), in which the quality of most studies (i.e. level of evidence) was
poor. Third, the validity of the logs/diaries was more favourable compared to the validity of
questionnaires, with little improvement in validity of questionnaires when including multiple
questions. Fourth, a moderate-to-good reliability was found for questionnaires and logs/
diaries, with the quality of these studies being largely fair-to-good. Taken together, logs and
diaries are recommended to validly and reliably assess SB when only self-report measures
are available. However, considering limitations pertaining to logs and diaries (e.g. time
constraint, resources), one may prefer using questionnaires in larger scaled observations.
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Table 3. Reliability of subjective sedentary behaviour measurement tools.
First author (year)

Reliability

Measure examined

Interval

n

ICC

Level of

2 wk

73

0.68

Good

1 wk

78

Self-administered: 0.68

Good

Other results

evidence

1-item questionnaires
EEPAQ; Elderly
EXERNET Physical
Activity Questionnaire
(25)

4

Lopez-Rodriguez et
al. 2017
GPAQ; Global
Physical Activity

(0.47; 0.82)

Questionnaire (29)

Interview-administered: 0.78
(0.64; 0.88)

Chu et al. 2018
IPAQ (short);

8-10 d

Correlation

2721

Fair

Range: 0.18 – 0.95

International Physical
Activity Questionnaire
(32)
Craig et al. 2003
IPAQ (short);

3-7 d

International

255/

Wk 0.59

257

Wknd 0.72

Good

Total 0.81

Physical Activity
Questionnaire) (50)
Rosenberg et al. 2008
Modified

1 wk

75

0.54 (0.36; 0.68)

3-6 mo

130

0.71 (0.61; 0.74)

Good

MOSPA-Q; MONICA
Optional Study on
Physical Activity
Questionnaire (34)
Chau et al. 2012
PPAQ; Paffenbarger

Correlation

Physical Activity

3 mo 0.39 (0.33; 0.51)

Questionnaire (35)

6 mo 0.43 (0.43; 0.60)

Fair

Simpson et al. 2015
SED-GIH (36)

5.2 d

Larsson et al. 2018

(min

94

0.86 (95% CI 0.79–0.90)

Weighted Kappa

Good

0.77 (95% CI 0.68–0.86)

1 d, max
16 d)
SQ; Single Question

1 wk

38

D 0.79; wk 0.80; wknd: 0.78

Fair

(37)
Aguilar-Farias et al.
2015
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Table 3. Continued
First author (year)

Reliability

Measure examined

Interval

n

ICC

Level of

TASST; TAxonomy of

1d, 1wk

18

Previous day recall:

Self-report SB Tools

1) 0.414 (0.227; 0.655)

(40)

2) 0.595 (0.412; 0.783)

1) Single item total

Previous week recall:

times; 2) TV time

1) 0.531 (0.1; 0.794)

Dontje et al. 2018

2) 0.856 (0.657; 0.944)

YPAS; Yale Physical

10 d

58

0.588

Other results

evidence
Poor

Good

P<0.001

Activity Survey for
Older Adults (42)
Gennuso et al. 2015
2-9-item questionnaires
AQuAA; Activity

2 wk

47

0.60 (0.40; 0.74)

Good

6 mo

748

0.56

Fair

10 d

58

CHAMPS: 0.638

Good

Questionnaire
for Adults and
Adolescents (44)
Chinapaw et al. 2009
CHAMPS;
Community Health
Activities Model
Program for Seniors
(46)
Hekler et al. 2012
CHAMPS;

P<0.001

Community Health
Activities Model
Program for Seniors
(42) Gennuso et al.
2017
FPACQ; Flemish

2 wk

102

Employed / unemployed

Physical Activity

Eat M 0.74 (0.53; 0.86); F

Computerized

0.67 (0.43; 0.82)

Questionnaire (47)

Sleep M 0.84 (0.70; 0.92); F

Matton et al. 2007

0.83 (0.70; 0.91)
Tv M 0.93 (0.86; 0.97); F
0.92 (0.84; 0.96)
Retired individuals
Eat M 0.24 (-0.20; 0.61); F
0.14 (-0.35; 0.58)
Sleep M 0.94 (0.86; 0.98); F
0.90 (0.75; 0.97)
Tv M 0.76 (0.49; 0.89); F
0.89 (0.72; 0.96)
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First author (year)

Reliability

Measure examined

Interval
1 wk

IPAQ (long);

Level of
n
95

ICC
wk: 0.69 (0.56; 0.78)

International Physical

Wknd: 0.65 (0.51; 0.76)

Activity Questionnaire

Total: 0.73 (0.61; 0.81)

Other results

evidence
Good

(85)
Chau et al. 2011
IPAQ (long);

8-10 d

2721

Range: 0.28 – 0.93

Fair

4

International Physical
Activity Questionnaire
(32)
Craig et al. 2003
IPAQ (long);

3-7 d

International Physical

255/

Wk 0.81

257

Wknd 0.84

Good

Total 0.82

Activity Questionnaire
(50)
Rosenberg et al. 2008
OPAQ; Occupational

2 wk

41

0.78 (0.62; 0.87)

Fair

OSPAQ; Occupational 1 wk

84

0.89 (0.83; 0.92)

Good

99

0.66 (0.49; 0.77)

Good

75

0.44 (0.24; 0.60)

Good

Physical Activity
Questionnaire (54)
Reis et al. 2005
Sitting and Physical
Activity Questionnaire
(34)
Chau et al. 2012
OSPAQ; Occupational 7 d
Sitting and Physical
Activity Questionnaire
(57) Jancey et al. 2014
OSPAQ; Occupational 1 wk
Sitting and Physical
Activity Questionnaire
(55)
Pedersen et al. 2016
PASB-Q; Physical

7d

Correlation

35

Activity and

Total SB: 0.85

Sedentary Behavior

Breaks: 0.86

Questionnaire (60)

Work: 0.88

Fowles et al. 2017

Leisure: 0.66

Fair

All P<0.05
Regicor Short

1 wk

114

0.908 (0.867; 0.937)

RPAQ; Recent

F 14.3

131

0.76 (P<0.001)

Physical Activity

(3.7) d

Questionnaire(64)

M 16.4

Besson at el. 2010

(5.9) d

Fair

Physical Activity
Questionnaire (65)
Molina et al. 2017
No exact numbers available

Good

for MB and LoA, figure only
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Table 3. Continued
First author (year)

Reliability

Measure examined

Interval

n

Level of

SCCS PAQ; Southern

12–15

118

Community Cohort

mo

ICC

Other results

evidence

Correlation

Poor

Total: 0.33, p=0.002

Study Physical Activity

In car/bus: 0.33, p=0.002

Questionnaire (66)

At work: 0.48, p<0.001

Buchowski et al. 2012

Viewing TV/movies: 0.53,
p<0.001
Using home computer: 0.25,
p=0.02
Other: 0.24, p=0.02

SITBRQ: Workplace

7-14 d

Correlation

96

Sitting Breaks

Freq breaks: 0.71 (0.59; 0.79)

Questionnaire (67)

Duration breaks: 0.59 (0.45;

Pedisic et al. 2014

0.71)

Good

Cohen’s kappa
Freq breaks: 0.74 (0.64;
0.84)
Duration breaks: 0.61 (0.38;
0.85)
Stand Up For

7d

48

Total: 0.52 (0.27; 0.70)

Your Health

TV viewing: 0.76 (0.62; 0.86)

Questionnaire (68)

Computer use: 0.79 (0.65;

Gardiner et al. 2011

0.88)

Fair

Reading: 0.74 (0.51; 0.86)
Socializing: 0.38 (0.11; 0.60)
Transport: 0.40 (0.14; 0.61)
Hobbies: 0.35 (0.07; 0.58)
Other: 0.04 (-0.25; 0.32)
STAQ; Sedentary,

1 mo

32

Total 0.52 (0.22; 0.73)

Transportation and

Leisure 0.37 (0.03; 0.62)

Activity Questionnaire

Transport 0.28 (-0.06; 0.56)

(69) Mensah et al.

Work 0.71 (0.49; 0.84)
See article for more settings

2016
Survey of older

Good

7d

44

0.48 P<0.001

Fair

3 wk

148

0.80 (0.74-0.86)

Good

adults’ sedentary
time (70)
Gennuso et al. 2016
Web-based
physical activity
questionnaire
Active-Q (71)
Bonn et al. 2015
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First author (year)

Reliability

Measure examined

Level of

Interval

n

ICC

WSWQ; Percentage-

1 wk

62

Non-working time:

Method Improves

T= 0.49 (0.28 – 0.66)

Properties of

P=0.71 (0.56 – 0.81)

Workers’ Sitting-

Non-working day:

and Walking-Time

T=0.64 (0.47 – 0.76)

Questionnaire (72)

P=0.78 (0.66 - 0.86)

Other results

evidence
Good

4

Matsoe et al. 2016
Sudholz et al. 2017

7d

59

(76)

Sitting time 0.78

Good

(0.65; 0.86)
Breaks 0.65
(0.48; 0.78)

≥10-item
questionnaires
ASBQ: Adult

1 wk

84

Self-administered:

sedentary Behaviour

Total 0.74 (0.51; 0.86)

Questionnaire (29)

Work 0.70 (0.43; 0.84)

Chu et al. 2018

Transport 0.59 (0.22; 0.78)

Good

Eating 0.73 (0.48; 0.86)
TV 0.85 (0.73; 0.92)
Computer 0.57 (0.32; 0.75)
Other 0.33 (0.04; 0.57)
Interview-administered
Total 0.66 (0.37; 0.81)
Work 0.89 (0.80; 0.94)
Transport 0.78 (0.59; 0.88)
Eating: 0.71 (0.47; 0.84)
TV 0.81 (0.67; 0.89)
Computer 0.62 (0.40; 0.78)
Other 0.42 (0.13; 0.64)
MPAQ; Madras
Physical Activity

1 mo

543

Total: 0.81

Good

TV viewing: 0.67

Questionnaire (78)
Anjana et al. 2015
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Table 3. Continued
First author (year)

Reliability

Measure examined

Interval

n

ICC

Level of

MSTQ; Multicontext

7.2 d

21

Workday:

Sitting Time

(-3; 13.9)

Other results

evidence
Poor

Total 0.76 (0.50; 0.89)

Questionnaire (79)

Working/reading/studying:

Whitfield et al. 2013

0.83 (0.62; 0.93)
TV/movie: 0.93 (0.84; 0.97)
Computer/video games: 0.39
(0.00; 0.70)
Transport: 0.97 (0.93; 0.99)
Socializing: 0.27 (0.00; 0.62)
Non-working:
Total 0.72 (0.42; 0.87)
Working/reading/studying:
0.65 (0.31; 0.84)
Tv/movies: 0.85 (0.67; 0.94)
Computer/video games: 0.84
(0.64; 0.93)
Transport: 0.70 (0.40; 0.87)
Socializing: 0.62 (0.27; 0.83)

SBQ; Sedentary

2 wk

49

Weekdays:

Behaviour

Total: 0.85 (0.75; 0.91) TV:

Questionnaire (80)

0.86 (0.76; 0.92) Computer

Rosenberg et al. 2010

games: 0.83 (0.72; 0.90). Sit
listen to music: 0.71 (0.54;
0.83).
Sit and talk on telephone:
0.81 (0.68; 0.89). Work: 0.77
(0.63; 0.87). Reading: 0.64
(0.44; 0.78). Playing music:
0.90 (0.82; 0.94). Arts and
crafts: 0.70 (0.53; 0.82).
Sitting driving in car: 0.76
(0.61; 0.86).
Weekend
Total: 0.77 (0.63; 0.86) TV:
0.83 (0.72; 0.90). Computer
games: 0.80 (0.67; 0.88). Sit
listen to music: 0.67 (0.49;
0.80).
Sit and talk on telephone:
0.73 (0.57; 0.84). Work: 0.64
(0.44; 0.61). Reading:0.48
(0.24; 0.67). Playing music:
0.93 (0.87; 0.96). Arts and
crafts: 0.51 (0.27; 0.69).
Sitting driving in car: 0.72
(0.56; 0.83).
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First author (year)

Reliability

Measure examined

Level of

Interval

n

ICC

SIT-Q; Sedentary

1 month

64

Total: 0.65 (0.49; 0.78)

Behavior

Meals: 0.60 (0.42; 0.74)

Questionnaire (81)

Transportation: 0.59 (0.41;

Lynch et al. 2014

0.73)

Other results

evidence
Good

Work, study, and
volunteering: 0.86 (0.78;

4

0.91)
Leisure: 0.61 (0.43; 0.74)
SIT-Q-7d; last 7-d

Adults:

sedentary behavior

14 ± 5 d

Range 0.06; 1.00

questionnaire (82)

Older

Older adults:

Busschaert etl al.

adults: 9

Range −0.20; 1.00

2015

±1d

SIT-Q-7d; last 7-d

3.3 wk

Dutch:

Average day

sedentary behavior

(2; 8 wk)

53

Dutch

42

Adults:

questionnaire (83)

English: Total: 0.68 (0.50; 0.81)

Wijndeale et al.2014

281

Poor

Good

Transportation: 0.58 (0.37;
0.74)
Occupation: 0.66 (0.46;
0.79)
Screen time: 0.50 (0.26;
0.68)
Other leisure time: 0.52
(0.29; 0.70)
Breaks occupation:0.26
(-0.07; 0.54)
Breaks TV viewing: 0.31
(-0.01; 0.57)
English
Total: 0.53 (0.44; 0.62)
Transportation:0.50 (0.40;
0.58)
Occupation: 0.74 (0.67;
0.80)
Screen time: 0.61 (0.53;
0.67)
Other leisure time: 0.45
(0.35; 0.54
Breaks occupation: 0.12
(-0.04; 0.28)
Breaks TV viewing: 0.28
(0.15; 0.39)
See article for more settings
and weekdays / weekend
days
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Table 3. Continued
First author (year)

Reliability

Measure examined

Interval

n

ICC

Level of

STAR-Q (84)

3 mo

95

Total: 0.53 (0.37; 0.66)

Csizmadi et al. 2014

6 mo

96

0.45 (0.28; 0.59)

Other results

evidence
Fair

Work: 0.69 (0.57; 0.78) 0.69
(0.57; 0.78)
TV viewing: 0.72 (0.61; 0.80)
0.63 (0.49; 0.74)
Computer: 0.60 (0.46; 0.71)
0.62 (0.48; 0.73)
Reading: 0.56 (0.41; 0.68)
0.39 (0.21; 0.55)
TASST TAxonomy of

1d, 1wk

18

Previous day recall:

Self-report SB Tools

Sum of behaviours 0.743

(40)

(0.591; 0.874)

Dontje et al. 2018

Previous week recall:

Poor

Sum of behaviours 0.758
(0.462; 0.902)
WSQ; Workforce

1 wk

95

Workday

Sitting Questionnaire

Total: 0.65 (0.51; 0.75)

(85)

Transport: 0.67 (0.54; 0.77)

Chau et al. 2011

Work: 0.63 (0.49; 0.74)
TV: 0.91 (0.87; 0.94)
Computer: 0.56 (0.40; 0.69)
Other leisure activities: 0.68
(0.55; 0.78)
Non-work
Total: 0.80 (0.72; 0.87)
Transport: 0.60 (0.45; 0.72)
Work: 0.50 (0.33; 0.64)
TV: 0.79 (0.69; 0.85)
Computer: 0.81 (0.73; 0.87)
Other leisure activities: 0.59
(0.44; 0.71)
Total
0.73 (0.61; 0.81)

90

Good
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First author (year)

Reliability

Measure examined

Level of

Interval

n

ICC

Ishii et al. 2018 (87)

2 wk

34

Total

Other results

evidence

Fair

0.74 (0.55-0.86)
Workday
Car 0.85 (0.71-0.92)
Public transport 0.60 (0.33;

4

0.78)
Work 0.89 (0.80; 0.95)
TV 0.76 (0.58; 0.88)
Computer 0.72 (0.51; 0.85)
Leisure 0.45 (0.15; 0.68)
Total 0.77 (0.60; 0.88)
Non-workday
Car 0.53 (0.24; 0.74)
Public transport 0.20 (-0.15;
0.78)
Work -0.07 (-0.40; 0.28)
TV 0.79 (0.63; 0.89)
Computer 0.72 (0.51; 0.85)
Leisure 0.46 (0.14; 0.69)
Total 0.53 (0.24; 0.73)
Marshall et al. 2010

mean

(88)

Work

Total sedentary time

11 d

M 0.86 (0.79; 0.90)

M Wk MB -4.3 min (LoA

(range

F 0.79 (0.73; 0.84)

-189.2; 180.7)

7–28 d)

TV

Wknd MB -8.1 min (LoA

M wk 0.65 (0.52; 0.75);

-195.0; 178.8)

101

Good

wknd 0.62 (0.48; 0.73)
Computer

F Wk MB -3.9 min

F wk 0.63 (0.52; 0.71);

(LoA -235.4; 227.5)

wknd: 0.72 (0.64; 0.79)

Wknd MB -5.6 min (LoA

M wk 0.62 (0.48; 0.73);

-125.1; 113.9)

wknd: 0.59 (0.44; 0.71)
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Table 3. Continued
First author (year)

Reliability

Measure examined

Interval

n

ICC

Level of

Van Cauwenberg et

8 d (1.7)

428

Total 0.77 (0.57; 0.89)

al. 2014 (89)

Other results

evidence
Good

TV viewing: 0.92 (0.83; 0.96)
Computer use: 0.76 (0.54;
0.88)
Reading: 0.60 (0.29; 0.79)
Hobbies: 0.57 (0.26; 0.78)
Seated conversation/
listening: 0.40 (0.04; 0.67)
Telephone: 0.69 (0.43; 0.84)
Public transport: 0.46 (0.11;
0.71)
Driving car: 0.79 (0.59; 0.90)
Passenger in car: 0.11 (-0.27;
0.46)
Household: 0.12 (-0.18; 0.53)
Resting: 0.20 (-0.18; 0.53)
Eating: 0.46 (0.11; 0.71)

Visser et al. 2013

23 d (SD

(90)

8)

63

0.71 (0.57; 0.81)

Fair

2 wk

17

0.65 (0.43; 0.82)

Poor

3 hrs

67

0.75

Fair

0.5-1 hrs

38

2 days before 0.72; yesterday

Fair

Logs and diaries
BeWell24 SelfMonitoring App
Toledo et al. 2017 (93)
cpar24; ComputerBased 24-Hour
Physical Activity
Recall Instrument
Kohler et al. 2017 (94)
MARCA; Multimedia

0.96

Activity Recall for
Children and Adults
(37)
Aguilar-Farias et al.
2015
Time Use Survey

7d

134

Non-occupational

van der Ploeg et al.

0.55 (0.42; 0.66)

2014 (98)

Occupational
0.63 (0.51; 0.72)

92

Excellent

Validity and reliability of subjective measures

Validity of measures of SB
This meta-analysis showed that the overall validity for instruments to assess SB characteristics
was moderate to low. These observations raise the question whether these results relate
to the poor validity of methods to assess SB per se or the poor quality of the studies
that were included. Excluding studies with lower level of evidence from our meta-analyses
reinforced the poor-to-moderate validity of the various methods, suggesting measures of
SB possess poor validity. It is important to indicate that questionnaires examining physical
activity show similarly poor level of validity (8). This highlights the difficulty of examining
subjective physical (in)activity behaviours with questionnaires, a finding that seems present
across the whole physical activity spectrum: from SB to exercise. Due to the low validity
and the large variation in quality, the results of different studies are difficult to compare or
harmonise. More importantly, the large variety in validity and questionnaire characteristics
(i.e. type and context of SBs) prevents the selection of one (or few) questionnaire(s) that can
be recommended for future research to validly examine SB.
Factors explaining the poorer variation in validity of the questionnaires versus diaries/logs
may relate to differences in qualitative attributes (e.g. recall period and questions/formats).
For example, diaries/logs typically adopt a short recall period (e.g. every 15-30 minutes),
whilst questionnaires are often filled in covering a longer recall period (i.e. day, week, and/
or month). Consequently, diaries and logs are less reliant on long-term recall and can more
accurately capture sporadic and intermittent behaviours. This fits with the higher validity
of diaries/logs versus questionnaires. Unfortunately, this approach of using diaries/logs
comes with the cost of high participant burden (in time), which subsequently may limit the
response and compliance rate and introduce reporting bias. Another potential limitation of
logs/diaries is that repeatedly filling in SBs may influence participants’ behaviour and cause
(unwanted) adjustment of SB. These factors should be considered when deciding on the
preferred way to assess SB in a future study.
Previous work related poor validity of questionnaires to systematic and random error,
specifically reporting and recall bias which may lead to a low agreement with over- and
underestimation (Table 2). For example, a potential underestimation of SB in single-item
questionnaires was suggested (22, 102), whereas wider limits of agreement in questionnaires
are present with multiple items (22). Another factor contributing to validity of questionnaires
may relate to the number of questions, and therefore detail of information, with more
questions on SB potentially improving the criterion validity of the measurement tool. In
contrast to this hypothesis, our analysis revealed no substantial differences between the
criterion validity of the 1-item, 2-to-9-item and ³10-item questionnaires. One possible
explanation is that participants find it difficult to recall SB, with multiple-item questionnaires
making it even more complicated to replicate detailed and domain-specific patterns of SB
(38). Furthermore, some behaviours are easier to remember because these are more habitual
and restricted to certain periods during the day, e.g. TV viewing, computer use or sitting
at work (38, 88, 102). Finally, multiple-item questionnaires may over-report SB because
93
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subjects may report sedentary activities twice when using sub-scales (e.g. driving while
listing to music). Although more questions may cover multiple domains and provide more
detailed information, the complexity of these questionnaires may contribute to the negligible
improvement in criterion validity of multiple-item questionnaires for total sedentary time.
Nonetheless, exploring multiple domains of sitting may still seem relevant. For example,
some domains are more strongly associated with poor health outcomes (12-14), whilst
detailed information about domains may provide insight for intervention development.

Reliability of subjective measures of SB
Despite the significant heterogeneity in validity of the various measures to assess SB, the
reliability of the questionnaires and diaries or logs were moderate-to-good. Importantly, these
conclusions are based on studies with a fair-to-good quality. A central question pertaining to
the reliability of questionnaires is whether differences are present in reliability for weekdays
versus weekend days or for workdays versus non-workdays, especially given the marked
differences in (sedentary) behaviour that exist between these days (103). Indeed, our study
found that approximately 50% of included studies reported a ≥10% better reliability to
assess SB during weekdays versus weekend days or during workdays versus non-workdays
(Table 3). These observations support a previous review, which reported higher reliability for
weekdays compared to weekend days (22). Moreover, we found that reliability was better
for specific behaviours, such as TV viewing, compared to a more general categories, such
as ‘other leisure time activities’. An explanation for this finding is that more specific and
regularly performed behaviours have a higher reliability (102).

Conclusions
This review identified the widespread (and rapidly growing) use of a large range of selfreported measures of SB, which significantly differ in type, extensiveness, complexity and
duration. Our results indicated that the criterion validity of subjective measures ranged
between poor and excellent, whereas the quality of most studies was poor. The validity
of the logs/diaries was significantly higher compared to the questionnaires, with little
improvement in criterion validity of questionnaires when increasing items to assess SB.
Therefore, when only self-report measures are feasible, logs and diaries are recommended
to validly and reliably assess SB, but due to time constraints and resources related to logs
and diaries, questionnaires may be preferred in large-scale studies. Whenever feasible, the
combination of objective and subjective assessments will provide the most valid and reliable
method to assess SB.
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Supplemental table 1. Search strategy.
Database

Sedentary behaviour

MEDLINE

Sedentary Lifestyle/
Sedentary.ti,ab,kw.
((sitting or reclining) adj2 time) .ti,ab,kw.
Physical* inactive*.ti,ab,kw.
Screen time.ti,ab,kw.
((Watch* or view*) adj (television or TV)) .ti,ab,kw.
((television or TV) adj (viewing or watching or time)).ti,ab,kw.
(computer adj (time or “use”)).ti,ab,kw. (play* adj (videogame* or “video game*”
or “computer game*” or “electronic game*”)).ti,ab,kw.
((driving or commut*) adj2 time).ti,ab,kw.
Sedentary Lifestyle/
Sedentary.ti,ab,kw.
((sitting or reclining) adj2 time) .ti,ab,kw.
Physical* inactive*.ti,ab,kw.
Screen time.ti,ab,kw.
((Watch* or view*) adj (television or TV)) .ti,ab,kw.
((television or TV) adj (viewing or watching or time)).ti,ab,kw.
(computer adj (time or “use”)).ti,ab,kw. (play* adj (videogame* or “video game*”
or “computer game*” or “electronic game*”)).ti,ab,kw.
((driving or commut*) adj2 time).ti,ab,kw.
SEDENTARY Lifestyles OR SEDENTARY behavior
SITTING position
AB Sedentary OR TI sedentary
AB (((sitting or reclining) N2 (time)) OR TI (((sitting or reclining)
AB Physical* inactiv* OR TI Physical* inactiv*
AB screen time OR TI screen time
AB (((watch* OR view*) N (television OR TV)) OR TI (((watch* OR view*) N
(television OR TV) )
AB (((television or TV) N (viewing or watching or time))) OR TI ( ((television or TV) N
(viewing or watching or time)) )
AB ((computer N (time or “use”)) OR TI ((computer N (time or “use”))
AB ((play* N (videogame* or “video game*” or “computer game*” or “electronic
game*”))) OR TI ( (play* N (videogame* or “video game*” or “computer game*”
or “electronic game*”)) )
AB ((( driving or commut*) N2 time) ) OR TI ( (( driving or commut*) N2 time) )

EMBASE

SPORTDiscus
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Self-reported measures

Validity/reproducibility

“surveys and questionnaires”/ or health surveys/
or behavioral risk factor surveillance system/ or
exp health status indicators/ or exp population
surveillance/ or self report/
(survey or surveys or questionnaire or
questionnaires or self-report* or diary or diaries
or interview or interviews or subjective or recall or
(activity and (log or logs))).ti,ab,kw.

exp “reproducibility of results”/
validation studies.pt.
exp “Sensitivity and Specificity”/
(validity or validation or validate or validated
or reliable or reliability or reproducible or
reproducibility or responsive or responsiveness or
specificity).ti,ab,kw.

Exp questionnaire/ or health survey/ or health
status indicator/ or self report
(survey or surveys or questionnaire or
questionnaires or self-report* or diary or diaries
or interview or interviews or subjective or recall or
(activity and (log or logs))).ti,ab,kw.

Reproducibility/
“Sensitivity and Specificity”/
(validity or validation or validate or reliable or
reliability or reproducible or reproducibility or
responsive or responsiveness or specificity).
ti,ab,kw.
Validation study/ or exp validity/

AB ((survey or surveys or questionnaire or
questionnaires or self-report* or diary or diaries
or interview or interviews or subjective or recall
or (activity and (log or logs))) ) AND TI ( (survey
or surveys or questionnaire or questionnaires or
self-report* or diary or diaries or interview or
interviews or subjective or recall or (activity and
(log or logs))))

AB ((validity or validation or validate or reliable
or reliability or reproducibility or responsive or
responsiveness or specificity) ) AND TI ( (validity
or validation or validate or reliable or reliability or
reproducibility or responsive or responsiveness or
specificity))
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Abstract
Objectives We aimed to examine physical activity and sedentary behaviour characteristics
of ambulatory and community dwelling patients with dementia compared to cognitively
healthy age-, sex- and weight-matched controls.
Methods In this cross-sectional study we included community dwelling dementia patients
(N=45, age=79.6±5.9 years, MMSE=22.8±3.2) and matched controls (N=49, age=80.0±7.7
years, MMSE=29.0±1.2). Participants wore a wrist accelerometer for seven days to assess
sedentary time, sedentary bout duration and time spent in very light, light-to-moderate and
moderate-to-vigorous physical activities.
Results Relative sedentary time and sedentary bout duration was significantly higher in
dementia patients compared to controls (median and interquartile range: 57% (49 - 68)
vs 55% (47 – 59) and 18.3 (16.4–21.1) minutes vs 16.6 (15.3–18.4) minutes, P=0.042 and
P=0.008 respectively). In addition, dementia patients spent a lower percentage of their
waking time in light-to-moderate and moderate-to-vigorous intensity physical activities
(20% (15–23) vs 22% (18–25) and 5% (2–10) vs 10% (5–13), P=0.017 and P=0.001
respectively).
Conclusion We revealed that dementia patients are more sedentary and perform less
physical activity compared to cognitively healthy controls. This may have clinically important
consequences, given the observation that sedentary behaviour and little physical activity
independently predicts all-cause mortality and morbidity.

106

Sedentary behaviour in dementia

Introduction
The incidence and prevalence of dementia is rising (1). Pharmacological treatment to slow
disease progression shows limited benefits on cognitive functioning (2). Therefore, nonpharmaceutical therapies are needed to attenuate or slow cognitive decline. Engagement in
moderate to vigorous physical activity (i.e. exercise) is one of the most important modifiable
risk factors for dementia (3). Moreover, exercise interventions have beneficial effects on
cognitive function in older adults with dementia (4). Interestingly, recent research showed
that sedentary behaviour (activities requiring low levels of energy expenditure, e.g. sitting
and lying), independent of performance of physical activity, is strongly related to negative
health outcomes and mortality (5, 6). Moreover, sedentary behaviour is associated with
lower cognitive performance (7), which stresses the relevance to understand the prevalence
and characteristics of sedentary behaviour in the context of dementia. Therefore, we
aim to objectively determine physical activity and sedentary behaviour characteristics of
community-dwelling dementia patients compared to cognitive healthy age-, sex- and
weight-matched controls. Secondary, we will explore whether increasing age attenuates
physical activity and sedentary behaviour in dementia.

Methods
Participants and design
In this cross-sectional study persons with a dementia diagnosis, aged >60 years, that were
ambulatory and community dwelling were included. Dementia diagnosis was based on
comprehensive clinical assessment by a physician, typically including neuropsychological
assessment and imaging. We used the mini-mental state examination (MMSE) to indicate
severity of cognitive impairment (8). Baseline measurements of a longitudinal trial examining
the effects of exercise on cognitive functioning in dementia were used for the current
study (9). Cognitively healthy controls were age-, sex- and weight-matched to dementia
patients and had no history of cognitive impairment (MMSE >24 (8)). All participants were
ambulatory and community-dwelling. The study protocol was approved by the local Medical
Ethics Committee in accordance with the latest revision of the declaration of Helsinki.
Written informed consent was obtained from all participants.

Physical activity monitoring
Directly after screening, physical activity and sedentary behaviour were assessed by the
Philips Actiwatch 2, a wrist-worn accelerometer validated in middle-aged females (10). The
Philips Actiwatch 2 contains an acceleration-responsive piezoelectric sensor which measures
wrist accelerations in three directions every 30 seconds. These wrist accelerations were
translated into a number of counts that were used to estimate physical activity and sedentary
behaviour (11, 12). The accelerometer was worn for seven days on the non-dominant wrist,
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to provide a reliable estimate of physical activity and sedentary behaviour. All participants
wore the actiwatch 24 hours per day. The accelerometer was waterproof and participants
did not take if off during swimming or taking a shower. Therefore, non-wear time was not
expected. Sleep intervals, including daytime naps, were filled in by the participants or their
caregivers in a sleep diary.

Data analysis
Data was uploaded using the Philips Actiware 6 software. Data from the first day of testing
were excluded from analysis to give participants the opportunity to familiarize with the device.
Sleep intervals were manually set by the researcher using the Philips Actiware 6 software (13)
and excluded by custom software written in MATLAB R2014b (MathWorks, USA). Hereby only
the data of the waking hours remained. Participants were included if they provided at least six
valid days (>10 h of waking data). Data was conferred from counts per epoch to counts per
minute (CPM). Cut-off points of 145 counts per minute (CPM), 145-274 CPM, 274-597 CPM and
>597 CPM were used for sedentary behaviour, very light, light-to-moderate and moderate-tovigorous physical activity respectively (10). To account for individual differences in waking time,
our primary analysis expressed activity levels as a percentage of total (awake) measuring time.
Interruptions in sedentary behaviour were defined as spending one minute ≥145 CPM after 5
minutes <145 CPM. Prolonged sedentary behaviour was defined as spending 30 minutes <145
CPM without one minute above 145 CPM. Duration of average sedentary bout was defined by
total time spent sedentary divided by number of interruptions in sedentary behaviour.

Statistical analysis
Statistical analyses were performed in IBM SPSS Statistics 20.0 (IBM SPSS; IBM Corp.,
Armonk, New York, USA). We performed a complete case analysis, including only those
participants that wore the actiwatch for a minimum of 7 days. Chi2-tests for categorical
variables and independent samples t-tests for continuous variables were used to compare
dementia patients and controls. Non-parametric tests were used for not normally distributed
data (including physical activity and sedentary behaviour). To evaluate the impact of age,
the same analyses were performed between participants aged <80 years and ≥80 years.
All data are presented as median (interquartile range) unless stated otherwise. Level of
significance was set at P<0.05.

Results
45 dementia patients (mean±SD age=79.6±5.9 years, MMSE=22.8±3.2) and 49 controls
(mean±SD age=80.0±7.7 years, MMSE=29.0±1.2) were included (Figure 1). Sex, BMI,
walking aid use and number of comorbidities did not differ between groups (Table 1).
MMSE was significantly lower in dementia patients (P<0.001), and dementia patients
received significantly more home care (P<0.001). The majority of dementia patients and
controls lived independently (93% and 98% respectively).
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Figure 1: Flowchart of participants.
Table 1. Baseline characteristics
Control (n=49)

Dementia (n=45)

P-value

Age (years), mean ± SD

80.0 ± 7.7

79.6 ± 5.9

0.744*

Females, n (%)

25 (51.0%)

22 (48.9%)

0.836†

Body Mass Index (kg/m²), mean ± SD

25.5 (4.0)

26.3 (5.0)

0.411*

Mini Mental State Examination‡, mean ± SD

29.0 ± 1.2

22.8 ± 3.2

<0.001*

Number of walking aid users, n (%)

10 (20.4%)

16 (35.6%)

0.101†

Number of home-care receivers, n (%)

6 (12.2%)

24 (53.3%)

<0.001†

Number of comorbidities§, mean ± SD

2.7 ± 1.8

3.3 ± 1.9

0.150*

Independent, alone

18 (36.7%)

14 (31.1%)

0.629†

Independent, together

30 (61.2%)

28 (62.2%)

Residence, n (%)

Care home

1 (2.0%)

3 (6.7%)

Nursing home

0

0

Alzheimer’s disease

n/a

25 (55.6%)

Vascular dementia

n/a

2 (4.4%)

Alzheimer’s Disease/Vascular Dementia (%)

n/a

12 (26.7%)

Dementia type not specified (%)

n/a

6 (13.3%)

Dementia type, n (%)

Differences between groups were tested with independent samples t-test; †Differences between groups
were tested with Chi-Square Test; ‡ Scores on the Mini-Mental State Examination (MMSE) range from 0
(severe impairment) to 30 (no impairment); §Comorbidities are scored using the Older Persons and Informal
Caregivers Survey-Minimum Dataset (TOPICS-MDS) with a theoretical range of 0-17 and a higher score
indicates more comorbidities (14).

*
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Total waking time tended to be lower in dementia patients compared to controls (mean±SD
14.9±1.3 h/day vs 15.4±1.0 h/day, P=0.053, Table 2). Dementia patients had significantly
lower activity counts and spent more hours in categories reflecting lower-intensity activity
(Table 2). Relative sedentary time was significantly higher in dementia patients compared
to controls (57% (49 - 68) vs 55% (47 – 59), P=0.042, Table 2). In addition, dementia
patients spent a lower percentage of their waking time in light-to-moderate and moderateto-vigorous intensity physical activity (20% (15-23) vs 22% (18-25) and 5% (2-10) vs 10%
(5-13), P=0.017 and P=0.001, respectively). Number of interruptions in sedentary behaviour
and prolonged sedentary bouts did not differ. Duration of sedentary bouts was significantly
longer in dementia patients compared to controls (18.3 (16.4-21.1) minutes vs 16.6 (15.318.4) minutes, P=0.008, Table 2).
Table 2. Physical activity and sedentary behaviour characteristics
Control (n=49)

Dementia (n=45) P-value

Total waking time (h/day)

15.4 ± 1.0*

14.9 ± 1.3*

0.053†

Counts per minute (day¯¹)

226 ± 61

186 ± 76

0.005†

Sedentary time

8.1 (7.2 – 9.2)

8.5 (7.2 – 10.0)

0.216

Very light intensity activity

2.2 (1.9 – 2.6)

2.3 (1.7 – 2.9)

0.748

Light-to-moderate intensity activity

3.5 (2.7 – 4.0)

2.7 (2.0 – 3.7)

0.006

Moderate-to-vigorous intensity activity

1.5 (0.8 – 2.0)

0.8 (0.4 – 1.5)

0.001

% sedentary time

55 (47 – 59)

57 (49 – 68)

0.042

% very light intensity activity

15 (12 – 16)

16 (12 – 19)

0.284

% light-to-moderate intensity activity

22 (18 – 25)

20 (15 – 23)

0.017

% moderate-to-vigorous intensity activity

10 (5 – 13)

5 (2 – 10)

0.001

28.2 (26.2 – 32.5)

27.2 (24.5 – 31.0)

0.195

2.0 (0.9 – 3.3)

2.3 (1.0 – 4.1)

0.227

16.6 (15.3 – 18.4)

18.3 (16.4 –21.1)

0.008

*

*

Absolute values (h/day)

Relative values (% of total measuring time)

Sedentary behaviour characteristics
Number of interruptions in sedentary behaviour
(day¯¹)
Number of 30 minutes prolonged sedentary bouts
(day¯¹)
Duration of average sedentary bout (minutes)

Median and Interquartile range are presented unless reported otherwise. P-values represent Mann-Whitney
U test; *Mean ± SD; †Differences between groups were tested with independent samples t-test.

When comparing younger versus older subgroups, older participants showed more walking
aid users. Whilst older controls showed significantly less physical activity and more sedentary
behaviour compared to their younger peers, no such changes were present between
dementia patients aged ≥80 years and aged <80 years (Figure 2). More specifically, younger
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controls had a significantly higher activity counts, lower relative sedentary time, and spent
more hours in categories reflecting light-to-moderate and moderate-to-vigorous intensity
activity compared to older controls. Since no such differences were present between young
and older dementia patients, differences in physical activity and sedentary behaviour
characteristics between populations was most prominent in the younger groups (Figure 2).

5

Figure 2: Activity levels of dementia patients and cognitively healthy controls. Activity levels of younger
and older age groups. Mean activity score (counts per minute) grouped by age. Controls Age<80 (n=23),
Controls Age ≥80 (n=26), Dementia patients Age <80 (n=22), Dementia patients Age ≥80 (n=23). Values
represent median ± interquartile range. * Significant difference between: Controls Age <80 and Controls
Age ≥80 P=0.044, Controls Age <80 and Dementia patients Age <80 P=0.004, Controls Age <80 and
Dementia patients Age ≥ 80 P=0.002.

Discussion
The aim of our study was to objectively investigate physical activity and sedentary behaviour
characteristics of dementia patients compared to controls, and assess whether age affects
this comparison. First, in our relatively large sample we found that dementia patients
spent significantly more of their waking hours in a sedentary state and significantly less
time in light-to-moderate and moderate-to-vigorous intensity activities. This may have
clinically important consequences, given the observation of previous prospective studies
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that sedentary behaviour independently predicts all-cause mortality and morbidity (5,
15). Secondly, we found that older age was associated with a decline in physical activity
and increase in sedentary behaviour in controls, whilst no such age-related changes were
found in dementia patients. Consequently, negligible differences in physical activity and
sedentary behaviour characteristics were present when comparing older dementia patients
and controls.
In line with observations from previous work (16, 17), our data confirm that communitydwelling dementia patients spend a large amount of time in sedentary behaviour and
have low levels of physical activity. We add the novel finding that differences between
dementia patients and controls remain when corrected for sleep time. Even though we
used an accelerometer validated to measure physical activity and sedentary behaviour
(10), time spent in moderate-to-vigorous intensity activity seems unusually high in both
groups (18). We have compared our findings to other studies that assessed physical activity
and sedentary behaviour in older adults with and without dementia, and we note that
sedentary behaviour ranged from 6.7 to 10.7 hours between studies (16, 19, 20). Moreover,
percentage of elderly meeting physical activity guidelines (150min/week of moderate-tovigorous physical activity) ranged from 27-69% (18, 21). Differences in sedentary behaviour
and physical activity duration between studies might relate to the use of different types of
accelerometers, given that the reported studies used hip-worn accelerometers, wrist-worn
accelerometers or questionnaires to estimate physical activity and sedentary behaviour (22).
However, this does not invalidate our primary comparison between subjects with dementia
and healthy peers. Moreover, this highlights the importance of including a control group to
provide valid interpretation of the results.
Our observation raises the question if differences in physical activity and sedentary behaviour
are simply a consequence of dementia. A decline in executive functioning (i.e. necessary for
goal directed behaviour such as physical activity) could lead to apathy (23), which is known
to lower activity levels in Alzheimer’s’ patients (24). However, it is important to realize
that lower physical activity and higher sedentary behaviour have already been reported
in the preclinical stages of dementia (25) and in subjects with mild cognitive impairment)
(26). This might suggest that differences in physical activity and sedentary behaviour are
causally linked to progression from mild cognitive impairment to later stages of dementia.
Future research is necessary to answer this question on cause of effect. Nevertheless, since
higher physical activity and lower sedentary behaviour are associated with better cognitive
performance (7, 26), benefits of interventions promoting physical activity and reducing
sedentary behaviour should be investigated.
In response to our second research question, we found that older age was associated with a
decline in physical activity and increase in sedentary behaviour in controls. This observation
can partly be explained by deterioration of walking and mobility and increased disability
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with older age (27). Interestingly, no further decline in physical activity and increase in
sedentary behaviour was found in dementia patients, despite the age-related increased
number of walking aid users. This striking result suggests that cognitive impairment in
dementia has a great impact on physical activity and sedentary behaviour, and may be more
important than the impact of other factors such as deterioration of walking and mobility.
An alternative explanation is that a (near) minimum level is achieved in the decline in levels
of physical activity and sedentary behaviour in community-dwelling subjects (18).
In addition to the duration of sedentary behaviour, previous work revealed that the
frequency of breaking up sitting (and therefore duration of each sedentary bout) may have
clinical relevance. Breaks in sedentary behaviour can prevent cardiovascular impairments
(5) and plays a role in maintaining glycaemic control, which may positively influence brain
health (28). Our study found that the average duration of a sedentary bout was higher in
dementia patients compared to controls. This observation suggests that not only reducing
sedentary time, but also preventing prolonged sedentary bouts by regularly breaking up
sedentary behaviour, can be targeted as a lifestyle intervention (29).

Limitations
Since we only included community-dwelling patients, our results cannot be generalized
to institutionalized dementia patients. Furthermore, dementia patients in our study were
enrolled in an exercise trial (9). Therefore, this group may be more motivated to be physically
active. Nonetheless, significant differences in physical activity characteristics were observed.
Furthermore, physical activity characteristics were measured by wrist-worn accelerometry,
which is associated with limited discriminative capacity between sedentary and very light
intensity activities (30). Consequently, differences between dementia patients and controls
might even be more pronounced. Another limitation relates to our accelerometer, which
has only been validated in a group of middle-aged females (10) and was unable to correct
for potential presence of short (~1-min) periods of non-wear time. Nonetheless, we do not
expect this will invalidate our findings of between-group differences in physical activity
and sedentary behaviour. In addition, using wrist-worn accelerometry may explain the two
outliers in the younger dementia patients (Figure 2), which could relate to restless arm
movements. Whilst this may affect exploring individual differences in physical activity versus
sedentary behaviour characteristics, significant differences remained present at group level.
Furthermore, we did not discriminate between types of sedentary activities. Cognitively
challenging sedentary activities, such as reading, might have a protective effect on cognition
and are therefore less harmful than passive sedentary activities (e.g. television-viewing)
(31). The final limitation is use of the MMSE as a cognitive screening instrument since
this measure, especially in healthy highly educated older adults, has limited discriminative
power to detect mild cognitive deficits (32, 33). It is important to indicate that diagnosis
of dementia was not made using the MMSE, but included standard clinical procedures
(including imaging if required).
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Clinical relevance
Knowledge of physical activity characteristics across the entire activity spectrum in dementia
is highly relevant given that physical activity is an important factor accelerating development
and progression of dementia (3, 7). In addition, a high amount of sedentary behaviour
and low amount of physical activity are associated with higher mortality and morbidity
(5, 6). Even though we found relatively small differences in physical activity characteristics
between dementia patients and controls, these may be highly relevant. For example, even
very short breaks of light intensity activity (i.e. 2 minutes walking) can already prevent
acute metabolic (34) and cardiovascular (5) impairments. This underlines the importance
to develop interventions suitable for this vulnerable patient group to safely engage in light
intensity activities. However, future research should first explore the role of physical activity
and sedentary behaviour in the progression and prevention of dementia.

Conclusion
In the current study we objectively demonstrated that dementia patients spend significantly
more of their waking hours in sedentary behaviour and spend less time in light-to-moderate
and moderate-to-vigorous intensity physical activity. Moreover, we found that older age
attenuated sedentary behaviour and physical activity in controls, whilst this age-related
decline is absent in dementia patients. This means that patients with dementia (independent
of age) lead a physically inactive lifestyle characterized with significant time spent sedentary.
Taken together, these data improve our understanding of physical activity and sedentary
behaviour characteristics in this highly relevant patient group and implies that targeting
sedentary behaviour and physical activity may be relevant in dementia patients, especially
at a younger age.
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Abstract
Background Start of insulin treatment in type 2 diabetes mellitus (T2DM) is associated with
weight gain. We explored whether changes in sedentary behaviour, light physical activity
and/or moderate-to-vigorous physical activity relate to weight gain in T2DM patients after
initiation of insulin therapy.
Methods We objectively assessed free-living physical activity patterns in T2DM patients
without (T2DM, n=40) and with prolonged insulin therapy (T2DM-I, n=42), weight-matched
controls (n=38) and lean controls (n=35). Subsequently, 40 T2DM patients were followed
prospectively across 12-months after initiation of insulin therapy. Weight and physical
activity patterns were measured before, 6-months and 12-months after start of therapy.
Results Sitting time was higher in T2DM and T2DM-I compared to lean controls (P=0.003).
T2DM-I, but not T2DM and weight-matched controls, spent less time in low physical activity
(P=0.045). Weight-matched controls, T2DM and T2DM-I spent less time in moderate-tovigorous physical activity than lean controls (P<0.001). In T2DM who started insulin therapy,
body weight increased 2.9±4.5kg across the 12-month period (P<0.05). After 12-months of
insulin therapy, moderate-to-vigorous physical activity did not change, whilst LPA declined
from 2.0±1.1h to 1.6±0.9h (P=0.027) and sitting time increased (11.7±1.7h to 12.3±1.9h,
P=0.028). T2DM patients with baseline BMI <30kg/m2 showed a positive correlation between
the increase in sitting time and weight gain (r=0.446, P=0.037) and waist circumference
(r=0.446, P=0.033), whilst such relations were not present in patients with BMI ≥30kg/m2.
Conclusion Our cross-sectional and longitudinal data suggest that increased engagement
in sitting contributes to insulin therapy-associated weight gain in T2DM patients.
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Introduction
Insulin therapy is frequently prescribed to obtain adequate glycaemic control in patients
with type 2 diabetes mellitus (T2DM) and prevents diabetes related complications (1).
However, many individuals experience significant weight gain after initiation of insulin
therapy (2), which is associated with detrimental health effects such as further increases
in insulin resistance (3) and elevation in cardiovascular (3, 4) and metabolic risk (5, 6).
Several potential causes of weight gain have been suggested, including anabolic effects of
insulin, lower glucose loss via glucosuria with consequent retention of calories, and appetite
stimulation by hypoglycaemia (7). Alternatively, weight gain may also be caused by altered
physical activity patterns, leading to weight gain via decreased energy expenditure.
Moderate-to-vigorous physical activity (MVPA) successfully prevents both progression and
complications in T2DM patients. For example, physical activity is associated with lower
cardiovascular risk (8, 9), improved vascular function (10) and lower inflammatory markers
(11) in T2DM patients. Initiation of insulin therapy may lower physical activity levels, as part
of a behavioural adaptation to prevent (exercise-induced) hypoglycaemia. Consequently, less
engagement in MVPA may contribute to weight gain (12, 13). An alternative explanation for
weight gain through physical activity patterns relate to sedentary behaviour. Recent work
has unveiled that sedentary behaviour is strongly linked to increased metabolic risk (14, 15),
impaired glucose metabolism (16-18) and even future onset of T2DM (14). Furthermore,
higher levels of sedentary behaviour are associated with higher BMI in T2DM patients (19).
Therefore, increased engagement in sedentary behaviour after start of insulin therapy may
contribute to weight gain in T2DM patients.
We hypothesized that insulin therapy results in higher sedentary behaviour and lower MVPA,
which subsequently relates to weight gain in patients with T2DM who start insulin therapy.
This hypothesis was first tested cross-sectionally by comparing differences in physical
activity patterns (related to time spent in sedentary behaviour, low-intensity physical activity
(LPA), and MVPA) between T2DM patients with and without insulin therapy. Secondly, we
prospectively evaluated changes in physical activity patterns and weight after initiation of
insulin therapy in T2DM patients across a 12-month period.

Methods
Study population
For the cross-sectional comparison, we included T2DM (n=40), long-term (>4 years) insulintreated patients with T2DM (n=43), weight-matched controls (n=38) and lean controls
(n=35). Weight-matched subjects (BMI >26.9kg/m2) were matched to the diabetes group
for body weight and age. Lean subjects (BMI 23.6±1.8 kg/m2) were age-matched. Controls
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were excluded when fasting plasma glucose was >7.0 mmol/l. Diagnosis of T2DM was
made according to the diagnostic criteria of the World Health Organization. Furthermore,
clinical evidence of psychiatric, renal, cardiovascular, liver, or other diseases and medication
(prednisone) that may influence study results regarding glucose and weight, hormonal
disorders that may influence weight (i.e., thyroid diseases, unless properly treated with
stable hormonal levels), bariatric treatment, excessive alcohol consumption, drug abuse, use
of thiazolidine derivatives, pregnancy or intention to become pregnant during the study,
and painful (diabetic) neuropathy which may influence daytime physical activity were all
considered exclusion criteria.
For the longitudinal part, all T2DM patients we included in the cross-sectional comparison
started insulin treatment. The decision to start insulin treatment was at the discretion of
the responsible physician and was always based on a failure of glycaemic control while on
oral glucose-lowering agents and diet. The choice of insulin preparation, insulin regimen,
dose, and titration was left to the responsibility of the treating physician. The local ethical
committee approved the study protocol. All subjects provided written informed consent.

Experimental Design
Patients with T2DM without insulin treatment (baseline) were cross-sectionally compared to
long-term insulin-treated patients with T2DM (T2DM-I), lean and weight-matched controls.
In addition, the group of patients with T2DM without insulin treatment was followed after
the initiation of insulin treatment prospectively over time. Measurements were performed
before, 6 months and 12 months after the initiation of insulin treatment. Some data of the
longitudinal part have been published, although the rationale and research question was
different to the present study (20).

Measurements
Demographic and clinical characteristics. Subject characteristics (age, diabetes
duration, gender, race, socio-occupational status, smoking habits, type of oral glucoselowering medication, and insulin dose) were registered. Body weight, height, waist- and
hip circumference, were measured by standard procedures. Blood pressure was measured
twice by a manual sphygmomanometer in the supine position after 5 minutes rest. Fasting
blood samples were drawn to determine glucose, glycated haemoglobin (HbA1c) and lipids.
Physical activity measured by accelerometry. Free-living daytime physical activity was
objectively measured using a SenseWear Pro3 Armband™ (Body Media, Pittsburgh, PA,
USA) (21). Accelerometry is non-invasive and assesses free-living PA. The activity monitor is
valid to examine physical activity levels (22-25). The monitor was placed on the right upper
arm over the triceps muscle for 4 consecutive 24-h periods in free-living conditions. The
device includes a 2-axis accelerometer, heat flux sensor, galvanic skin response sensor, and
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a skin temperature sensor. SenseWear Innerview™ professional software 6.1 was used to
upload the data and a customized algorithm written in MATLAB® R2015b (MathWorks.
Natick, MA, USA) was developed to further analyse the data. Measurements between 7.00
AM and 12.00 PM were used for calculations of daytime physical activity. Only recordings
with a wearing time >12 hours were included. Data from the first day were excluded from
the analysis to eliminate any initial reactivity to the monitor. Outcome variables of physical
activity included: average metabolic equivalents (METS), and time (hours/day) spent in
sitting (<1.5METs), low intensity physical activity (2.1-3.0 METs, LPA), and moderate-tovigorous physical activity (>3.0 METs, MVPA). In addition, we evaluated number of steps
per day, prolonged sitting bouts (i.e. sitting >45 minutes), and sit-to-stand manoeuvres (i.e.
a transition from a period ≥5 minutes sitting to LPA).

6

Statistical analyses
All analyses were performed using Statistical Package for the Social Sciences (IBM SPSS
Statistics for Windows, Version 21.0. Armonk, NY). Variables are expressed as means ±
SD, unless indicated otherwise. The normality of data distribution was examined visually
and using skewness and kurtosis (26). For not normally distributed data, nonparametric
tests were assessed. Differences between groups were analysed using analysis of variance
(ANOVA). Post hoc tests with Tukey HSD correction for multiple testing were used.
Dichotomous variables were analysed with Pearson’s chi-squared test. Repeated measures
ANOVA were used to examine whether outcomes differed after initiation of insulin therapy.
Relationships between changes in measures of the physical activity continuum and changes
in weight related outcomes were investigated by spearman correlations. Lower baseline
BMI is predictive for insulin associated weight gain (27), whilst subjects with a baseline
BMI ≥30kg/m2 are less involved in physical activity than subjects with a baseline BMI
<30kg/m2 (28). This suggests that differences may be present between weight groups of
T2DM patients. Therefore, analyses were performed separately for subjects with baseline
BMI <30kg/m2 and subjects with baseline BMI ≥30kg/m2. P values <0.05 were considered
significant in all statistical comparisons.

Results
Aim 1: cross-sectional comparison
Age differed significantly across groups (Table 1), with T2DM groups being somewhat
older. Alcohol use was higher in lean controls. Lean controls depicted lower BMI, waist
circumference, hip circumference, and systolic blood pressure compared to the other groups.
Diastolic blood pressure and LDL cholesterol were highest in weight-matched controls
compared to the other groups (probably explained by statin use in the diabetes group).
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Triglyceride levels were lowest in lean controls, whereas glucose levels were significantly
lower in both control groups compared to T2DM and T2DM-I (Table 1).
Table 1. Characteristics per group. P-values represent One-Way ANOVA.
Lean

Weightmatched

T2DM-T0

T2DM-I

Subjects (n)

35

38

40

43

Age (years)

54±8

P-value

Characteristics

3,4

55±9

3,4

61±10

1,2

60±91,2

Sex (%male)

0.195

Duration diabetes (yr)
Alcohol use (%)
Smoking (%)

0.001

a

a

n.a.

n.a.

10±9

11±7

77

34

31

124

<0.001

3

18

15

9

0.165

23.6±1.82,3,4

31.4±3.61

29.7±5.41

31.3±5.11

<0.001

86±62,3,4

108±101

105±131

109±121

<0.001

97±5

1

107±8

103±11

104±11

<0.001

142±17

144±19

149±23

0.002

87±93,4

80±112

81±92

0.008

n.a.

8.7±1.1

7.5±0.9

4.9±1.3

4.4±1.1

4.3±0.8

0.760

1.28±0.51a

1.16±0.55

1.08±0.3

1.05±0.27

0.085

2.91±1.03a

3.17±0.893,4

2.41±1.32

2.37±0.612

0.001

0.83±0.35a,3,4

1.61±1.06

2.55±2.211

2.67±3.251

0.001

5.1±0.6

11.6±3.5

9.7±3.6

4

a

Anthropometry and hemodynamics
Body mass index (kg/
m2)
Waist circumferenceb
Hip circumference

b

Systolic Blood Pressure
(mmHg)c
Diastolic Blood Pressure
(mmHg) c

2,3,4

132±16

3,4

83±9

1
1

1
1

Metabolic characteristics
HbA1c (%)a

n.a.

Total cholesterol
(mmol/l)d
High-density
lipoprotein (mmol/l)d
Low-density lipoprotein
(mmol/l)e
Triglycerides (mmol/L)f
Glucose (mmol/L)

a

4.5±1.3

5.2±0.6

a

3,4

3,4

1,2,4

1,23

<0.001

Physical activity levels
Sitting time (h)
Low intensity physical
activity (h)
Moderate-to-vigorous
physical activity (h)
Average energy
expenditure (METs)
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10.6±1.33,4

10.9±2.0

11.7±1.71

11.8±1.81

0.002

2.4±1.0

2.1±1.2

2.0±1.1

1.8±1.1

0.137

2.7±1.52,3,4

1.6±1.41

1.5±1.11

1.1±0.81

<0.001

1.8±0.32,3,4

1.5±0.41

1.4±0.31

1.3±0.21

<0.001
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Lean
Steps (day-1)
Prolonged sitting bouts

10425±34203,4

Weightmatched
9080±4274 4
3.7±1.7

3.4±1.2

4

T2DM-I

P-value

7854±3936 4

5464±30291,2,3

<0.001
0.033

4.2±1.5

4.3±1.2

4

20.4±5.4

18.7±5.2

16.5±0.6

Sit-to-stand
manoeuvers
Measurement hours

22.8±4.2

21.7±5.4

16.5±0.8

16.2±0.7

Valid Days

3.0±0.74

2.8±0.74

4

T2DM-T0

2.7±1.0 4

1
1,2

16.3±0.8
3.9±0.91.2.3

0.003
0.325
<0.001

Statistically significant differences between lean controls (1), weight-matched controls (2), T2DM-T0
(3), and T2DM-I (4). aDM duration, alcohol, smoking, glucose and HbA1c data were missing for 1 subject,
b
waist and hip circumference data for 2 subjects, csystolic and diastolic blood pressure for 3 subjects,
d
total cholesterol and high-density cholesterol for 7 subjects, eLow-denisty cholesterol for 15 subjects, and
f
triglycerides for 8 subjects.
1, 2, 3, 4

When comparing levels of PA between groups, sitting time differed significantly between
groups, with higher sitting time in T2DM and T2DM-I compared to lean controls, but not
compared to weight-matched controls (Figure 1A). T2DM-I, but not T2DM and weightmatched controls, spent less time in LPA compared to lean controls (Figure 1B). Weightmatched controls, T2DM and T2DM-I spent less time in MVPA than lean controls (Figure
1C). T2DM-I reported significantly lower number of steps compared to T2DM, weightmatched and lean controls. Periods of prolonged sitting were more frequently observed in
T2DM-I compared to lean controls. Less sit-to-stand manoeuvres were observed for T2DM
compared to lean and weight-matched controls (Table 1).

Figure 1: Physical activity patterns for lean controls (n=35, light grey), weight-matched controls (n=38,
grey), T2DM (n=40, dark grey) and T2DM-I (n=43, black). Patterns are presented as sitting (h/day, A),
low-intensity physical activity (LPA in h/day, B) and moderate-to-vigorous physical activity (MVPA in h/
day, C). The plot elements are presented as follows: the length of the box represents the interquartile
range (the distance between the 25th and the 75th percentiles), the horizontal line in the box interior
represents the median, and the vertical lines issuing from the box extend to the minimum and maximum
values of the variables. *Post-hoc significantly different from lean controls at P<0.05.
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Aim 2: Prospective effects of insulin therapy
Across the 12-months after initiation of insulin therapy, body weight increased 2.9±4.5kg
(P<0.05). HbA1c, total cholesterol, LDL cholesterol, triglycerides and glucose levels decreased
over this period, whereas HDL cholesterol increased. Physical activity measurements were
performed after 6 and 12 months of insulin therapy. We found a significant increase in
sitting time and a decline in LPA, whilst no changes in MVPA were present over this period
(Figure 2A, B, and C, respectively). The number of steps and the number of sit-to-stand
manoeuvres significantly decreased across time (Supplemental Table 1).

Figure 2: Physical activity patterns in T2DM patients at baseline (T0) and after 6 (T6) and 12 months (T12)
of the start of insulin therapy. Patterns are presented as sitting (h/day, A), low-intensity physical activity
(LPA in h/day, B) and moderate-to-vigorous physical activity (MVPA in h/day, C). The plot elements are
presented as follows: the length of the box represents the interquartile range (the distance between the
25th and the 75th percentiles), the horizontal line in the box interior represents the median, and the
vertical lines issuing from the box extend to the minimum and maximum values of the variables. *Posthoc significantly different from T0 at P<0.05.

When performing subgroup analyses for T2DM patients with baseline BMI ≥30kg/m2 and
<30kg/m2, subjects with a baseline BMI <30kg/m2 were older than those with BMI ≥30kg/
m2 (64±10 vs 57±9 years, P=0.023). No differences were observed for gender, diabetes
duration, alcohol consumption or smoking. Furthermore, after start of insulin therapy, BMI
and waist circumference increased significantly in subjects with a baseline BMI <30kg/
m2, but not in subjects with a baseline BMI ≥30kg/m2. Similarly, sitting time significantly
increased and total energy expenditure and number of steps/day decreased in subjects
with baseline BMI <30kg/m2, whilst such changes were absent for subjects with a baseline
BMI ≥30kg/m2 (Table 2). T2DM patients with baseline BMI <30kg/m2 demonstrated less
sitting time (P=0.012) and more engagement in low-intensity physical activity (P=0.012) at
baseline. We found a significant, positive relation between changes in weight and sitting
time (r=0.446, P=0.037) and waist circumference (r=0.446, P=0.033) (Figure 3A, B). T2DM
patients with baseline BMI ≥30kg/m2 did not demonstrate these relations (Figure 3C, D).
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Discussion
The purpose of our study was to explore the potential role of physical activity patterns in the
weight gain in T2DM patients typically observed after start of insulin therapy. We present
the following observations. First, T2DM patients with insulin therapy show highest levels of
sedentary behaviour compared to T2DM patients without insulin therapy, weight-matched
and lean controls. We confirmed previous observations of significant increases in body
weight across 12-months after the start of insulin therapy and prospectively found that
levels of sedentary behaviour increase, the amount of LPA decreases, whereas MVPA does
not change. Importantly, the increase in sedentary behaviour was related to gain in body
weight and waist circumference in T2DM patients with baseline BMI <30kg/m2, whilst such
observations were not present in T2DM patients with baseline BMI ≥30kg/m2. Together, this
implies that changes in sedentary behaviour, at least partly, contribute to the body weight
gain in the first 12 months after the start of insulin therapy in patients with type 2 diabetes
mellitus.
In line with observation from previous cross-sectional work (29), our cross-sectional and
prospective data confirm that T2DM patients and obese subjects demonstrate very low
engagement in MVPA compared to controls. We add the novel observation that the very low
levels of MVPA are also present in T2DM with insulin therapy, which did not further decrease
across the first 12-months of insulin therapy. This lack of regular MVPA may contribute to
the progression from obesity towards T2DM, and the progression towards need of insulin
therapy in T2DM patients (30, 31). In addition to MVPA, we explored the opposite end of the
physical activity spectrum involving sedentary behaviour. Interestingly, our cross-sectional
and prospective data reveal that that T2DM patients on insulin demonstrate the highest
level of sedentary behaviour, i.e. presented as the highest sitting time, least numbers of
interruptions and highest number of prolonged sitting bouts of >45-minutes. Earlier work
already found that sedentary behaviour is associated with lower insulin sensitivity (32-34),
increased risk for the metabolic syndrome (35-37) and increased risk for T2DM (14, 38,
39) in the general population. Our work advances this field by the prospective design and
by comparing sedentary behaviour patterns between insulin and non-insulin using T2DM.
Taken together, our work provides further evidence that sedentary behaviour is highly
prevalent in T2DM and even further increases after start of insulin therapy.
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Table 2. Physical activity characteristics at baseline (T2DM-T0), after 6 (T2DM-T6) and after 12 months
(T2DM-T12) of insulin therapy in subjects with baseline BMI <30kg/m2 and ≥30kg/m2. P-values represent
repeated measures ANOVAs or Student’s paired T-test.
Anthropometry and
hemodynamics
Body mass index (kg/m2)

Waist circumference

Hip circumference

Systolic Blood Pressure (mmHg)

Group

T0

T6

T12

P-value

<30kg/m2

26.1±2.7

27.0±2.8

27.2±3.1

<0.001

≥30kg/m

34.6±4.1

34.9±4.2

35.5±4.4

0.071

<30kg/m

97±8

98±9

100±8

0.001

≥30kg/m2

117±10

117±10

117±10

0.974

<30kg/m2

97±7

98±6

99±6

0.071

≥30kg/m

2

112±10

112±10

113±12

0.785

2

141±21

134±20

139±17

0.253

2

148±16

139±15

133±16

0.006

2

<30kg/m
≥30kg/m

Diastolic Blood Pressure (mmHg)

2

79±9

77±9

77±9

0.614

≥30kg/m2

<30kg/m

81±13

79±6

79±8

0.621

<30kg/m2

8.7±1.3

7.0±0.7

7.1±1.1

<0.001

≥30kg/m

2

Metabolic characteristics
HbA1c (%)

Total cholesterol (mmol/l)

Glucose (mmol/L)

<0.001

4.7±1.0

n.a.

4.2±0.6

0.070

2

4.0±1.1

n.a.

3.9±0.9

0.778

2

1.16±0.33

n.a.

1.15±0.37

0.938

2

0.97±0.23

n.a.

1.05±0.24

0.015

2

2.79±1.54

n.a.

2.28±0.46

0.516

2

1.86±0.45

n.a.

1.87±0.63

0.637

<30kg/m2

2.32±1.88

n.a.

2.35±2.06

0.654

≥30kg/m2

2.84±2.58

n.a.

2.3±1.67

0.172

<30kg/m2

11.2±3.5

n.a.

8.9±2.5

0.001

≥30kg/m

2

12.1±3.4

n.a.

10.0±2.4

0.007

<30kg/m2

11.2±1.5

11.5±1.7

11.9±1.9

0.017

≥30kg/m

<30kg/m
≥30kg/m

Triglycerides (mmol/L)

7.5±0.9

<30kg/m
≥30kg/m

Low-density lipoprotein (mmol/l)

7.7±1.0

<30kg/m
≥30kg/m

High-density lipoprotein (mmol/l)

8.7±1.0

2

2

Physical activity levels
Sitting time (h)

Low intensity physical activity (h)

12.5±1.7

12.3±2.5

12.8±1.9

0.422

2

2.4±0.9

2.2±0.9

1.9±1.0

0.054

2

1.5±1.1

1.4±1.1

1.3±0.8

0.416

<30kg/m2

1.7±1.0

1.7±1.1

1.3±0.9

0.051

≥30kg/m2

1.2±1.2

1.3±1.5

1.1±1.2

0.674

<30kg/m
≥30kg/m

Moderate-to-vigorous physical
activity (h)
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Physical activity levels
Energy expenditure (METs)

Group
<30kg/m2
≥30kg/m

Steps (day-1)

Prolonged sitting bouts

Sit-to-stand manoeuvers

T12

P-value

1.5±0.2

1.5±0.3

1.4±0.3

0.008

1.3±0.3

1.3±0.4

1.2±0.3

0.613

8682±3700

7392±3760

6605±3217

0.006

≥30kg/m2

6733±4075

6242±3450

5323±2650

0.272

<30kg/m2

4.1±1.6

4.1±1.5

4.6±1.4

0.162

≥30kg/m

2

4.2±1.2

4.0±1.4

4.6±1.6

0.090

2

22.0±4.2

20.4±5.0

20.2±4.9

0.169

2

2

<30kg/m

18.2±6.2

15.5±6.8

16.0±6.1

0.078

2

16.5±0.6

16.4±0.7

16.5±0.6

0.914

2

16.5±0.5

16.3±1.0

16.5±1.0

0.656

<30kg/m
≥30kg/m

Valid Days

T6

<30kg/m2

≥30kg/m
Measurement hours

T0

<30kg/m2

2.4±0.7

2.9±0.9

3.0±0.6

0.003

≥30kg/m2

3.0±1.2

2.8±0.8

3.1±1.1

0.716

To further explore these observations, we examined whether changes in physical activity
patterns relate to insulin therapy-associated weight gain in T2DM. Initiation of insulin therapy
resulted in weight gain of 2.9 kg, which is in line with others who reported weight gain of
1.9-5.7 kg after 9-12 months (40-43). Interestingly, we found that the increase in sedentary
behaviour after insulin therapy is related to the increase in body weight. Since sedentary
behaviour replaced LPA, a lower energy expenditure may explain our observation (44). This
notion is supported by our observation that food records actually revealed a decrease in total
caloric intake after start of insulin therapy, excluding excessive caloric intake to contribute
to the gain in body weight. Whether the relation between sedentary behaviour and weight
gain reflects a causal link remains unclear from our study. Interestingly, our observations fit
with previous prospective work in non-diabetic populations, where an increase in sedentary
behaviour was also related to subsequent weight gain (45-47). Future studies should further
explore the causal relation between sedentary behaviour and changes in body weight. At
least, our findings indicate that physical activity patterns, via sedentary behaviour rather
than MVPA, contributes to the insulin therapy-associated weight gain. In addition to these
effects, one should also consider the potential contribution of the anabolic actions of insulin
(7, 42), less glucosuria, and appetite stimulation by hypoglycaemia (7) to the impact of
insulin therapy on body weight.
An unexpected observation was that the increase in body weight, but also the alterations
in physical activity patterns, were not present in subjects with a baseline BMI ≥30kg/m2.
Presence of distinct effects of insulin therapy on weight gain between lower and higher BMI
is supported by others, in that lower baseline BMI is a strong and independent predictor of
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Figure 3: Spearman correlations of change in sitting time between baseline and 12 months of insulin
therapy and weight gain (A, C) and waist circumference (B, D) among T2DM patients with baseline BMI
<30kg/m2 (A, B) and ≥30kg/m2 (C, D). Spearman rank correlation coefficients (r) are shown for each
correlation. Solid lines indicate linear regression function.

insulin-related weight gain (27, 43). Another explanation for the distinct findings between
groups relates to differences in baseline characteristics. For example, a higher insulin dose
was present in subjects with a baseline BMI ≥30kg/m2 at the start of therapy. Given the
anabolic effects of insulin (43), this may interfere with the potential effects of physical
activity patterns on weight gain. However, subjects with a baseline BMI ≥30kg/m2 did
not report weight gain, whilst insulin dose at 12-months was not significantly different
between groups. This makes potential differences in insulin dose unlikely to explain our
major findings. Finally, a ceiling effect in the amount of time spent sedentary in subjects
with a baseline BMI ≥30kg/m2 may contribute to our findings. Indeed, the time spent sitting
by these subjects is amongst the highest reported in the literature, making it difficult for
further increases in sedentary behaviour and lower energy expenditure. This might suggest
that, especially in less obese subjects, changes in sedentary behaviour may have significant
effects on body weight after initiation of insulin-therapy.
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Limitations
The use of a large population, objective assessment of physical activity patterns and
prospective design are strengths of our study. However, our study has limitations which
should be considered. We did not include a control group of T2DM patients who did not
start insulin. Another limitation is that we cannot distinguish whether increased sedentary
behaviour caused body weight gain, or vice versa. Whilst the decrease in calorie-intake
makes it unlikely that an increase in body weight caused the changes in sedentary
behaviour, future studies should further explore this topic. Finally, physical activity patterns,
including sedentary behaviour, were determined using objective accelerometry. Whilst
these devices were originally developed to assess moderate-to-vigorous physical activity
patterns in general population (48) and T2DM (49), this device also reports good validity
and reproducibility to assess activities with a metabolic equivalent of <3 (22), which includes
sedentary behaviour and LPA.

Clinical relevance
It is strongly recommend targeting the whole spectrum of physical activity to improve
health and reduce risk in T2DM, including MVPA, LPA and sedentary behaviour (39,
50). Especially promoting LPA seems relevant, since more engagement in LPA is typically
associated with reduced sedentary time. Moreover, reducing sitting time as well as MVPA
both improve glycaemic control (51). Our work fits with these recommendations, in that
sedentary behaviour may be a relevant target in T2DM and potentially effective to reduce
body weight gain upon the start of insulin therapy. We recommend future research to
further explore this hypothesis. This work is required for evidence-based recommendations
for T2DM management to improve health-related outcomes.
Taken together, our data implies that initiation of insulin therapy is associated with an
increase in sedentary behaviour in patients with T2DM, whilst limited changes are reported
in MVPA. These changes in sedentary behaviour, at least partly, contribute to the body
weight gain in the first 12 months after the start of insulin therapy. This finding emphasizes
the potential importance of targeting sedentary behaviour, possibly in addition to the wellestablished benefits of increasing moderate-to-vigorous intensity physical activity, in the
context of T2DM management.
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Supplemental Table 1. Physical activity characteristics at baseline (T2DM-T0), after 6 (T2DM-T6)
and after 12 months (T2DM-T12) of insulin therapy. P-values represent repeated measures ANOVA or
Student’s paired T-test.
T2DM-T0

T2DM-T6

T2DM-T12

P-value

29.7±5.4

30.4±5.2

30.8±5.5

<0.001

Waist circumference

105±13

106±13

108±12

0.012

Hip circumference

103±11

104±11

105±11

0.167

Systolic Blood Pressure (mmHg)

144±19

136±18

137±17

0.036

Diastolic Blood Pressure (mmHg)

80±11

78±8

78±9

0.454

HbA1c (%)

8.7±1.1

7.3±0.9

7.3±1.0

<0.001

Total cholesterol (mmol/l)

4.4±1.1

n.a.

4.1±0.7

<0.001

High-density lipoprotein (mmol/l)

1.08±0.30

n.a.

1.11±0.32

<0.001

Low-density lipoprotein (mmol/l)

2.41±1.30

n.a.

2.10±0.57

0.016

Triglycerides (mmol/L)

2.55±2.21

n.a.

2.33±1.88

<0.001

11.6±3.5

n.a.

9.4±2.5

<0.001

Sitting time (h)

11.7±1.7

11.9±2.0

12.3±1.9

0.028

Low intensity physical activity (h)

2.0±1.1

1.8±1.0

1.6±0.9

0.022

Moderate-to-vigorous physical activity (h)

1.5±1.1

1.5±1.3

1.2±1.0

0.111

Average energy expenditure (METs)

1.4±0.3

1.4±0.3

1.3±0.3

0.015

7854±3936

6903±3631

6060±3022

0.001

Prolonged sitting bouts

4.2±1.5

4.0±1.5

4.6±1.5

0.018

Sit-to-stand manoeuvers

20.4±5.4

18.3±6.2

18.4±5.7

0.014

Measurement hours

16.5±0.6

16.4±0.8

16.5±0.7

0.605

2.7±1

2.9±0.9

3.1±0.8

0.082

Anthropometry and hemodynamics
Body mass index (kg/m2)

Metabolic characteristics

Glucose (mmol/L)
Physical activity levels

Steps (day )
-1

Valid Days
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Abstract
Background Sedentary behaviour increases the risk for cardiovascular and cerebrovascular
disease. However, little work examined the causal link between a decline in sedentary
behaviour and cardio- and cerebrovascular function, and the potential underlying
mechanisms for this relation. We aimed to examine the chronic (16-week) and acute (3hour) impact of reducing sedentary behaviour on vascular and cerebrovascular function in
subjects with increased cardiovascular risk.
Methods This prospective study included 24 individuals with increased cardiovascular risk
(65±5 years, 29.8±3.9 kg/m2). Before and after 16-week reduced sitting, using a mobileHealth device with vibrotactile feedback, we examined: i. vascular function (flow-mediated
dilation (FMD)), ii. cerebral blood flow (CBFv, transcranial Doppler), and iii. cerebrovascular
function (cerebral autoregulation (CA) and cerebral vasomotor reactivity (CVMR)). To better
understand potential underlying mechanisms, before and after intervention, we evaluated
the effects of 3-hour sitting with and without light-intensity physical activity breaks (every
30-minutes).
Results The first wave of participants showed no change in sedentary time (n=9, 10.3±0.5 to
10.2±0.5 hours/day, P=0.87). Upon intervention optimization, the subsequent participants
(n=15) decreased sedentary time (10.2±0.4 to 9.2±0.3 hours/day, P<0.01). This resulted in
significant increases in FMD (3.1±0.3 to 3.8±0.4%, P=0.02) and CBFv (48.4±2.6 to 51.4±2.6
cm/s, P=0.02), without altering CA or CVMR. Before and after the 16-week intervention,
3-hour exposure to uninterrupted sitting decreased FMD and CBFv, whereas physical activity
breaks prevented a decrease (both P<0.05). CA and CVMR did not change (P>0.20).
Conclusion Long-term reduction in sedentary behaviour in older subjects with increased
cardiovascular risk improves peripheral vascular function and cerebral blood flow, and
acutely prevents impaired vascular function and decreased cerebral blood flow. These results
highlight the potential benefits of reducing sedentary behaviour to acutely and chronically
improve cardio‑/cerebrovascular risk.

140

Chronic and acute benefits of reduced sitting

Introduction
Physical inactivity (i.e. lack of regular exercise) is strongly and independently related to the
development of non-communicable diseases, such as cardiovascular and cerebrovascular
disease and metabolic disorders (e.g. (pre-)diabetes) (1). In addition to physical inactivity,
studies have revealed the detrimental impact of sedentary behaviour; defined as any waking
behaviour in a sitting, reclining or lying posture with an energy expenditure below 1.5
metabolic equivalents (2, 3). High levels of sedentary time increase the risk for cardiovascular
(4), cerebrovascular (5), and metabolic disorders (6, 7). Despite the strong link between
sedentary behaviour and cardio-metabolic risk factors, little work examined the impact of
long-term changes in sedentary behaviour on cardiovascular, cerebrovascular and metabolic
health.
Recent studies examined the immediate effect of a prolonged sedentary bout, i.e. 3 to 5
hours of uninterrupted sitting, and reported an attenuation of vascular function (8), cerebral
blood flow (9) and glucose tolerance (10). Interestingly, interrupting prolonged sitting by
frequent walking breaks of 2-5 minutes prevented these deteriorations in cardiovascular,
cerebrovascular and metabolic function (8-10). Whilst short-term studies support the
potential benefits of physical activity breaks, long-term changes in sedentary behaviour are
required to unravel and understand the effects of sedentary behaviour on cardiovascular,
cerebrovascular and metabolic outcomes.
For this purpose, we examined the effect of a 16-week intervention to reduce sedentary
behaviour on vascular, cerebrovascular and metabolic function in individuals with increased
cardiovascular risk. Second, this study examined whether the 16-week intervention alters
the acute (3-hour) impact of sedentary behaviour on vascular, cerebrovascular and metabolic
function, and the ability of physical activity breaks to prevent these effects. This second
research aim is important to understand whether the detrimental effects of short periods
of uninterrupted sitting remain potentially detrimental for vascular, cardiovascular and
metabolic health after the 16-week intervention. We hypothesize that sedentary behaviour
can be substantially reduced in individuals with increased cardiovascular risk and results in
improvements in vascular and cerebrovascular outcomes. Moreover, we hypothesize that
the impact of 3-hour uninterrupted sitting, but also the protective effects of regular physical
activity breaks, on vascular and cerebrovascular flow and function remain present after the
16-week reduced sitting intervention.
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Methods
Participants
Individuals with an increased cardiovascular risk were recruited by local newspaper and
internet advertisement. Individuals aged ≥55 years with >40 hours per week of self-reported
sedentary behaviour were eligible for participation. Criteria for inclusion were the presence
of one or more cardiovascular risk factors, consisting of BMI >28 kg/m2, high blood pressure
(SBP >160 mmHg, DBP >90 mmHg) and anti-hypertensive medication use. Individuals were
excluded if they were not able to perform light-intensity physical activity (i.e. standing and
walking) or to provide informed consent. The study protocol was approved by the local
ethics committee (CMO region Arnhem Nijmegen, the Netherlands) and registered at the
Netherlands Trial Register (NTR6387). All individuals provided written informed consent.

Study design
Each subject reported in 3 clusters of 3 measurement days to our laboratory: a first cluster
before a 16-week control period (T0), a second cluster after the 16-week control period (T1)
and, finally, a third cluster after a 16-week intervention period (T2) (Figure 1). Measurements
at T0 were performed as familiarization sessions for the participants and to minimize
measurement variation in outcomes. On Day 1 and 2, peripheral vascular and cerebrovascular
blood flow and function were assessed at baseline. Subsequently, in randomized cross-over

Figure 1: Study design. Measurements were performed in 3 clusters of 3 measurement days: a first
cluster before a 16-week familiarization period (T0), a second cluster after the 16-week familiarization
period (T1) and a third cluster after a 16-week intervention period (T2). FMD: flow-mediated dilation,
TCD: transcranial Doppler. TCD measurements included 5 minutes rest, hyperventilation, hypoventilation,
slow sit-stand manoeuvres and 0.05 Hz repeated sit-stand manoeuvres.
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order between Day 1 and 2, subjects underwent a 3-hour sitting trial without moving
their lower extremities (SIT), and a 3-hour sitting trial with 2-minute light-intensity walking
breaks at self-selected pace every 30 minutes (BREAKS). Immediately following the 3-hour
period, peripheral vascular and cerebrovascular flow and function were assessed again.
Finally, at Day 3 baseline characteristics and physical fitness were assessed. Physical activity
monitors were mounted to assess physical activity and sedentary behaviour characteristics
across an 8-day period. The same set of measurements was repeated at T1 and T2.
Intervention. The 16-week reduced sitting intervention aimed to prevent prolonged sitting
time (>30 minutes) throughout the day and to promote low-intensity physical activity (e.g.
walking, standing). Subjects received information regarding the purpose of the intervention
and wore a customized activity monitor to objectively monitor sedentary behaviour (Activ8sit,
2M Engineering, Valkenswaard, the Netherlands, Supplemental Figure 1). This pocket-worn
device consists of an inclinometer and a tri-axial accelerometer, which allows for recognizing
prolonged periods of sedentary behaviour and physical activity patterns. Upon recording
prolonged, uninterrupted sitting (i.e. 30-minutes), vibrotactile feedback was provided by
the monitor to remind participants to replace sedentary behaviour by low-intensity physical
activity (e.g. walking, standing). Participants were able to review their physical activity
patterns in a web-based environment. Regular phone meetings with a researcher were
made to evaluate participation. To bypass previously identified problems when translating
interventions to reduce sedentary behaviour (11), we adopted an embedded pilot studydesign, where input of participants was used to optimize the 16-week intervention for the
subsequent groups of participants (i.e. waves). Following this approach, the intervention
was performed in three waves. Participants were assigned to wave 1.0 based on order of
application. Based on feedback from the participants in wave 1.0, coaching and support
was intensified to weekly meetings (phone or online) for subjects in wave 2.0 and 3.0 and a
half-way group-meeting was organized to optimize the intervention and to further reduce
sedentary behaviour. Subsequently, participants were randomly assigned to wave 2.0 or
3.0. Intervention was performed in September to January (for wave 1.0, n=9), March to July
(for wave 2.0, n=9), and October to February (for wave 3.0, n=8).

Measurements
Before each measurement day, participants were instructed to refrain from caffeine and
alcohol intake at least 12 hours prior to the test. Moreover, participants were instructed to
refrain from vigorous exercise 24 hours prior to the measurements. All vascular measurements
were performed according to guidelines to assess peripheral vascular function (12, 13).
Participant characteristics. Medical history, medication use and BMI were assessed in
all participants. Capillary blood was used to measure fasting glucose levels. Fasting venous
blood was collected in Lithium Heparin vacutainers and sample processing occurred within
30 minutes. Plasma was stored at -80°C until further use. Insulin, total cholesterol, high-
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density lipoprotein (HDL) cholesterol, and triglycerides were measured in fasting lithium
heparin plasma using standardized methods, and low-density lipoprotein (LDL) cholesterol
was calculated with the Friedewald formula. As an explorative outcome, HOMA-IR was
calculated from glucose and insulin levels in wave 2.0 and 3.0. Blood pressure was measured
twice by a manual sphygmomanometer after 5 minutes seated rest according to AHA
guidelines (14). The Astrand-Rhyming test was used as a submaximal cycling test to estimate
physical fitness, expressed as estimated maximal oxygen consumption (15).
Physical activity patterns. A validated activity monitor (ActivPAL3 micro, PAL
technologies, Glasgow, United Kingdom) was used to measure physical activity patterns
(16). As the ActivPAL combines a tri-axial accelerometer with an inclinometer, the ActivPAL
is able to distinguish between sitting, standing and walking. The first day was excluded
for data-analyses. ActivPAL data was processed using a validated analysis script in Matlab
R2014b (The Mathworks Inc., Natick, MA, USA) (17). Sedentary, standing, and walking time,
sedentary breaks, number of sedentary bouts (>30 min), and steps per day were computed.
Peripheral vascular blood flow and function. Superficial femoral artery (SFA) flowmediated dilation (FMD) was measured as a test of peripheral vascular function (18). After a
resting period of 10 minutes in the supine position, the right SFA was examined ~3 cm distal
from the bifurcation using a 10-MHz multifrequency linear array probe attached to a highresolution ultrasound machine (T3000, T3300; Terason, Burlington, MA, USA). Continuous
Doppler velocity assessment was simultaneously obtained using the lowest possible
insonation angle (always <60°). After a 1-minute resting period, a blood pressure cuff
was inflated to supra-systolic pressure for 5 minutes. Recording of the diameter and blood
velocity resumed 30 seconds prior to deflation and continued for 5 minutes. Analysis of SFA
diameter, blood flow and shear rate was performed using custom-designed edge-detection
and wall-tracking software (19, 20). Peak diameter after cuff deflation was automatically
detected according to an algorithm as described elsewhere (21).
Cerebrovascular blood flow and function. Continuous blood pressure was measured in
the middle finger of the right hand using photoplethysmography (Finapres Medical Systems,
Amsterdam, the Netherlands). An arm sling was used to stabilize the hand at heart level.
Heart rate was monitored using a three-lead electrocardiogram (BIOPAC Systems, Goleta,
CA, USA). Cerebral blood flow velocity (CBFv) in the middle cerebral arteries was measured
using transcranial Doppler ultrasonography. Once the left and right middle cerebral
arteries were identified through the temporal windows by two 2-MHz probes (MultiDop, Compumedics DWL, Singen, Germany), the signal was optimized by adjusting gain,
depth, angle and position, and the probes were fixed with a Spencer head frame (Spencer
technologies, Seattle, WA, USA). A nasal cannula was used to monitor exhaled CO2 by
capnography (BIOPAC Systems). All signals were recorded at 200 Hz using a data acquisition
system (MP150, BIOPAC Systems).
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During 5 minutes sitting, resting CBFv was measured. Hypocapnia was induced by
hyperventilating at a frequency of 0.5 Hz (1 second breathing in, 1 second breathing out) for
30 seconds. After 2 minutes rest, hypercapnia was induced by inhalation of a gas mixture
with steadily increasing concentrations of CO2 (30 seconds 3%, 30 seconds 4%, 4 minutes
5%). Using these values, cerebral vasomotor reactivity (CVMR), the change in CBFv to
changes in arterial CO2 concentration, could be determined (22). CVMR was computed by
the difference between maximal cerebrovascular conductance index (CVCi, i.e. the ratio of
CBFv and mean arterial pressure) during hypercapnia and minimal CVCi during hypocapnia,
divided by the mean CVCi during normocapnia. Cerebrovascular conductance index was
used to account for confounding effects of CO2 on blood pressure (23).
Repeated sit-to-stand manoeuvres (10 seconds sitting, 10 seconds standing) for 5 minutes
were used to enhance very low frequency hemodynamic fluctuations at 0.05 Hz (24). Using
these fluctuations, cerebral autoregulation (CA) could be computed via transfer function
analysis, resulting in gain, normalized gain (nGain) phase and coherence as output. Gain
is the damping of fluctuations in blood pressure in CBFv (lower gain indicates better CA).
Phase represents the time shift in CBFv adaptations to blood pressure fluctuations (higher
phase indicates active adaptation as seen in normal CA). Coherence is a measure for
coherence between CBFv and blood pressure and serves as a measure of data quality (25).
These parameters were averaged over the very low-frequency (0.02–0.07 Hz), where CA is
most active (25). Next to CA, cardiac baroreflex sensitivity (BRS) was calculated by transfer
function analysis using SBP and R-R interval as input (26). Here, a higher gain indicates better
BRS. Because the 0.05 Hz repeated sit-stand manoeuvres could influence the hemodynamic
effects of prolonged sitting, as they require repeated active standing, we also analysed CA
and BRS using transfer function analysis in slow sit-stand manoeuvres. These measurements
were performed preceding the 0.05 Hz repeated sit-stand manoeuvres, and consisted of a
data segment of 9 minutes (3 periods of 2 minutes sitting and 1 minute standing) (26). Beatto-beat data of all cerebrovascular measurements were pre-processed and analysed using
custom-written Matlab scripts (version 2014b, the MathWorks Inc.) as previously described
by de Jong et al. (26).

Statistical analysis
All data are presented as mean±SEM for continuous variables, as number (percentage) for
categorical variables and as median (interquartile range) for skewed distributed data, unless
stated otherwise. All data were analysed using SPSS version 23.0 (SPSS Inc., Chicago, IL,
USA). Mixed-models analyses for repeated measurements were performed using all data to
evaluate the effect of 16-week reduced sitting intervention on the outcomes (Intervention).
In addition, mixed-models analysis were used to investigate the impact of 3-hour sitting
(Acute), and whether SIT versus BREAKS modifies this effect (Acute*Breaks). To control for
potential carry-over effects, the sequence of SIT and BREAKS was included in the model
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(Seq). Finally, we tested whether the acute impact of sedentary behaviour and/or breaks
was changed after the reduced sitting intervention (Acute*Breaks*Intervention). Correction
for changes in baseline diameter on FMD were performed according to the allometric
modelling solution proposed by Atkinson et al. (27). Pearson correlations were computed
to compare the 16-weeks’ change in sedentary behaviour characteristics with changes in
vascular and cerebrovascular flow and function. P-values <0.05 were considered statistically
significant.

Results
At the start of the study, 30 individuals were divided over 3 waves. Two participants
dropped out before the familiarization session and three participants dropped out during
the 16-week familiarization period, because of the time burden of the measurements (n=2)
or long-term illness (n=1). A total of 25 participants (mean±SD, 65±5 years, 29.8±3.9 kg/m2)
performed the measurements before intervention, including the 3-hour prolonged sitting
trials. One participant dropped out during the intervention session because of long-term
illness, resulting in a total of 24 individuals who completed the intervention (Supplemental
figure 2, Table 1).

Long term effects: 16-week reduced sitting intervention (n=15)
In wave 1.0, no changes in sedentary behaviour characteristics were observed (Supplemental
table 1). Based on feedback from participants, coaching and support was intensified and
progress of participants was closely watched with regular, weekly (telephone) contact.
Participants in waves 2.0 and 3.0 (n=15) (mean±SD, 64±5 years, 29.7±4.6 kg/m2, Table 1)
significantly lowered sedentary time (10.2±0.3 to 9.2±0.3 hours/day, P<0.01, Figure 2A)
and increased standing time (3.3±0.2 to 3.9±0.2 hours/day, P=0.03, Figure 2B), walking
time (2.1±0.2 to 2.6±0.2 hours/day, P<0.01, Figure 2C), and step count (10,316±1,297
to 13,058±1,184 steps/day, P<0.01). No changes were observed in blood pressure, BMI,
physical fitness, fasting glucose, insulin, HOMA-IR, total cholesterol, HDL cholesterol, LDL
cholesterol and triglycerides levels (Table 1). Given the absence of changes in sedentary
behaviour, data for wave 1.0 are reported in Supplemental table 2. Data from wave 2.0
and 3.0 (n=15) are presented below to examine the impact of 16-week reduced sedentary
behaviour. Data of all participants were used to relate individual changes in sedentary
behaviour across the 16-week period to individual changes in primary outcomes.
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Current smoking (%, n)

29.9±3.8
5.9
(5.2-0.7)

29.8±3.9
6.0
(5.6-6.8)

BMI (kg/m )

Glucose (mmol/L)

3.7±0.9
27.1±6.4

Non-HDL cholesterol (mmol/L)

Estimated physical fitness (ml
O2/ml/kg)

*: only measured for waves 2.0 and 3.0.

n.a.

1.8±1.0

Triglycerides (mmol/L)

Peripheral vascular stiffness*

2.9±0.9

LDL cholesterol (mmol/L)

n.a.

1.3±0.4

HDL cholesterol (mmol/L)

Central vascular stiffness*

5.1±0.9

n.a.

HOMA-IR (100/%S)

Total cholesterol (mmol/L)

n.a.

Insulin (mU/L)

n.a.

n.a.

26.9±7.8

3.6±0.7

1.7±0.9

2.8±0.8

1.3±0.3

4.9±0.8

n.a.

n.a.

83±9

81±9

2

DBP (mmHg)

135±16

T2

134±13

T1

Total (n=24)

SBP (mmHg)

Intervention outcomes

67 (16)

65±5

Age (years)

Hypertension (%, n)

38 (9)

Sex (% male, n)

Baseline characteristics

n.a

n.a

0.82

0.22

0.35

0.28

0.74

0.15

n.a.

n.a

0.10

0.38

0.03

0.63

P-value

n.a.

n.a.

24.9±5.2

3.6±0.8

2.0±1.1

2.7±0.7

1.3±0.4

4.9±0.8

n.a.

n.a.

6.8
(5.9-7.1)

30.1±2.5

79±7

128±11

T1

44 (4)

0 (0)

66±5

33 (3)

n.a.

n.a.

22.3±4.5

3.6±0.5

1.8±0.9

2.7±0.6

1.3±0.3

4.8±0.6

n.a.

n.a.

6.0
(5.5-6.8)

30.5±2.5

83±7

134±7

T2

Wave 1.0 (n=9)

29.6±4.4
5.7
(5.2-6.1)
10 (5-21)
3.2
(1.4-5.4)

82±10
29.7±4.6
5.8
(5.4-6.2)
12 (8-21)
3.2
(1.7-6.0)
5.2±1.1
1.3±0.3
3.0±0.9
1.7±0.9
3.8±0.9
28.5±6.8
8.9±1.1
11.9±1.9

<0.01
<0.01
0.16
n.a.
n.a.
0.65
0.43
0.72
0.57
0.86
0.08
n.a.
n.a.

10.5±1.7

8.5±1.0

29.7±8.2

3.6±0.9

1.7±0.9

2.9±0.8

1.3±0.3

5.0±0.9

82±11

136±20

138±13

0.06

T2

T1

80 (12)

13 (2)

64±5

40 (6)

0.48

0.69

0.28

0.14

0.42

0.12

0.82

0.14

0.43

0.86

0.59

0.83

0.52

0.46

P-value

Waves 2.0 and 3.0 (n=15)

P-value

Table 1. Participant characteristics, before (T1) and after (T2) reduced-sitting intervention. Values
represent mean±SD or median (IQR)
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Figure 2: Avrage values ± SEM of sedentary behaviour characteristics (A-C), vascular measures (D‑F) and
cerebrovascular measures (G-I) before (T1) and after (T2) 16-week reduced sitting intervention for wave
2.0 and 3.0 (n=15 for sedentary behaviour and vascular function measures, n=14 for cerebrovascular
measures). FMD: flow-mediated dilation, CBFv: cerebral blood flow velocity, CVCi: cerebrovascular
conductance index, nGain: normalized gain.

Peripheral vascular blood flow and function. Mean femoral artery blood flow did not
change significantly after the 16-week intervention (Figure 2D), but antegrade blood flow
significantly increased (Table 2). In addition, resting SFA diameter significantly increased
after intervention (Figure 2E). A significant increase in FMD was found when corrected
for baseline diameter (3.1±0.3% to 3.8±0.4%, P=0.02, Figure 2F, Table 2). Correcting for
shear rate area-under-the-curve (SRauc) resulted in a trend for an increase in FMD after
the intervention (P=0.08, Table 2). Data of all participants (n=24) revealed no significant
correlation between changes in sedentary behaviour and SFA blood flow or FMD (data not
shown).
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Cerebrovascular blood flow velocity and function. In one participant we were unable
to assess cerebrovascular blood flow and function due to technical difficulties, leaving 14
participants with valid data. Hypocapnia resulted in a significant decline in CBFv and CVCi,
whilst hypercapnia significantly increased CBFv and CVCi (Table 2). Resting CBFv (48.4±2.6
to 51.4±2.6 cm/s, P=0.02) and CVCi (0.49±0.02 to 0.51±0.02 cm/s/mmHg, P=0.03)
increased significantly after the 16-week intervention (Figure 2G-H, Table 2). There were no
effects on CA, CVMR or BRS, neither during slow sit-stands nor during induced oscillations
at 0.05 Hz (Figure 2I and Table 2). The increase in CA gain during slow sit-stands were
statistically significant (Table 2), but too small to represent a deterioration in CA (25). With
the combined data of all participants (n=23), a significant inverse correlation was found for
the change in sedentary time after intervention and the change in resting CBFv (r=-0.352,
P=0.02) and CVCi (r=‑0.419, P<0.01).

Acute effects: prolonged sitting versus interrupting sitting (n=24)
Vascular blood flow and function. The 3-hour period tended to decrease peripheral
blood flow (P=0.08, Table 3). No differences were present between the decline after SIT
compared to BREAKS (P=0.12). Uncorrected, diameter corrected and SRauc corrected FMD
showed a significant interaction effect across the 3-hour periods (P=0.01, P<0.01 and P=0.03
respectively), with post-hoc tests revealing a small decline in FMD after uninterrupted sitting,
whilst FMD improved when sitting was interrupted (Table 3). The 16-week intervention
(n=15) did not alter the acute impact of (un)interrupted sitting on flow or FMD (Table 2,
Figure 3).
Cerebrovascular blood flow and function. Resting CBFv and CVCi did not change after
the 3-hour period. Also the magnitude of the response to hypo- or hypercapnia did not
differ (Table 3). Pooled analysis of rest, hypocapnia and hypercapnia data revealed significant
interaction effects of the 3-hour period of SIT or BREAKS on CBFv and CVCi (P=0.04 and
0.05, respectively), with a decrease in CBFv and CVCi after uninterrupted sitting, which
was prevented by physical activity breaks (Table 3). No changes were found for CBFv and
CVCi reactivity to CO2 (Table 3). Finally, during both slow and 0.05 Hz repeated sit-stand
manoeuvres, no differences of the 3-hour period were present in CA and BRS outcomes
(Table 3). The intervention (n=14) did not alter the acute, 3-hour impact of (un)interrupted
sitting on CBFv, CVMR, CA, or BRS (Table 2).
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Table 2. Vascular and cerebrovascular flow and function before (T1) and after (T2) the 16-week reduced
sitting intervention. N=15 for vascular measurements, n=14 for cerebrovascular measurements. Data are
reported as mean±SEM.
Intervention (I)

Pre-intervention

Breaks (B)
Acute (A)

SIT

BREAKS

0h

3h

0h

3h

83±18

44±17

77±17

75±18

Antegrade flow (ml/min)

160±22

119±22

148±22

162±22

Retrograde flow (ml/min)

-80±23

-76±23

-71±23

-87±23

Baseline diameter (mm)

6.5±0.3

6.5±0.3

6.7±0.3

6.9±0.3

Peak diameter (mm)

6.7±0.3

6.7±0.3

6.8±0.3

7.2±0.3

FMD (%)

3.6±0.6

2.9±0.5

2.5±0.5

4.1±0.6

SRauc (103)

10.5±1.2

6.9±1.1

6.3±1.2

8.0±1.2

FMD corrected for diameter

3.3±0.5

2.6±0.5

2.4±0.5

4.1±0.5

FMD corrected for SRauc

3.3±0.5

2.9±0.5

2.6±0.5

4.0±0.5

98±2

101±2

99±2

96±2

CBFv (cm/s)

48.2±3.1

50.2±3.1

47.4±3.1

47.9±3.1

CVCi (cm/s/mmHg)

0.49±0.03

0.50±0.03

0.48±0.03

0.48±0.03

7.0±2.0

3.8±2.2

6.5±1.9

3.9±2.1

85±2

86±2

89±2

86±2

35.7±2.2

34.4±2.1

31.9±2.1

32.6±2.1

0.40±0.02

0.40±0.02

0.36±0.02

0.38±0.02

116±3

115±3

118±3

116±3

CBFv (cm/s)

65.5±5.2

67.5±5.2

59.1±5.1

60.3±5.1

CVCi (cm/s/mmHg)

0.57±0.04

0.60±0.04

0.51±0.04

0.52±0.04

Peripheral vascular flow and function
Blood flow patterns
Basal flow (ml/min)

Flow-mediated dilation

Cerebrovascular flow and function
At rest
MAP (mmHg)

Gain BRS
During hypocapnia
MAP (mmHg)
CBFv (cm/s)
CVCi (cm/s/mmHg)
During hypercapnia
MAP (mmHg)
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Post-intervention
SIT

P-values
BREAKS

0h

3h

0h

3h

A

A*B

I

A*B*I

77±18

81±18

79±17

78±18

0.31

0.39

0.32

0.34

176±23

173±22

167±22

173±23

0.62

0.18

0.04

0.57

-97±24

-90±23

-88±23

-93±24

0.73

0.25

0.06

0.95

6.7±0.3

7.1±0.3

6.9±0.3

6.9±0.3

0.20

0.93

0.02

0.27

7.0±0.3

7.3±0.3

7.1±0.3

7.3±0.3

0.11

0.42

0.01

0.36

4.5±0.6

3.0±0.5

2.5±0.5

5.0±0.6

0.14

<0.01

0.14

0.57

7.5±1.3

4.5±1.2

7.2±1.1

6.4±1.2

0.05

0.01

0.04

0.22

4.4±0.5

3.2±0.5

2.6±0.6

5.1±0.5

0.06

<0.01

0.02

0.70

4.4±0.6

3.2±0.5

2.5±0.5

5.0±0.5

0.08

<0.01

0.08

0.48

99±2

101±2

100±2

100±2

<0.01

0.05

0.40

0.99

50.0±3.2

52.8±3.1

51.5±3.1

51.4±3.1

0.29

0.38

0.02

0.77

0.50±0.03

0.52±0.03

0.52±0.03

0.51±0.03

0.65

0.65

0.03

0.77

4.0±1.9

5.9±2.0

5.5±2.0

6.1±1.9

0.45

0.89

0.95

0.66

87±2

89±2

86±2

88±2

0.66

0.54

0.47

0.25

35.5±2.2

36.1±2.1

35.5±2.1

34.7±2.1

0.82

0.87

0.04

0.34

0.41±0.02

0.40±0.02

0.41±0.02

0.39±0.02

0.87

0.84

0.84

0.39

112±3

114±3

113±3

118±3

0.48

0.76

0.19

0.79

66.7±5.2

67.2±5.1

65.3±5.0

66.0±5.0

0.54

0.93

0.10

0.89

0.59±0.04

0.58±0.04

0.58±0.04

0.56±0.04

0.82

0.70

0.17

0.99
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Table 2. Continued
Intervention (I)

Pre-intervention

Breaks (B)
Acute (A)

SIT

BREAKS

0h

3h

0h

3h

100±2

101±2

102±2

101±2

CBFv (cm/s)

50.2±3.2

50.4±3.1

46.4±3.1

46.9±3.1

CVCi (cm/s/mmHg)

0.49±0.03

0.50±0.03

0.45±0.03

0.46±0.03

MAP reactivity

0.28±0.02

0.27±0.02

0.29±0.02

0.30±0.02

CBFv reactivity

0.59±0.04

0.62±0.04

0.61±0.04

0.60±0.04

CVCi reactivity

0.29±0.03

0.33±0.03

0.34±0.03

0.31±0.03

100±2

105±2

100±2

102±2

45.5±2.9

46.1±2.9

42.9±2.8

44.2±3.0

CVCi (cm/s/mmHg)

0.46±0.03

0.44±0.03

0.43±0.03

0.44±0.03

Gain (cm/s/mmHg)

0.38±0.04

0.40±0.04

0.34±0.04

0.36±0.04

nGain (%/mmHg)

0.85±0.10

0.87±0.10

0.82±0.10

0.83±0.11

Phase (degrees)

52±6

49±6

49±6

42±6

Coherence (unit)

0.62±0.04

0.58±0.04

0.54±0.04

0.6±0.05

3.2±0.5

3.6±0.5

3.3±0.4

2.7±0.5

102±2

106±2

102±2

103±2

CBFv (cm/s)

43.2±2.7

44.9±2.9

43.6±2.6

45.2±2.8

CVCi (cm/s/mmHg)

0.42±0.03

0.42±0.03

0.43±0.03

0.44±0.03

Gain (cm/s/mmHg)

0.54±0.05

0.54±0.05

0.53±0.04

0.52±0.05

nGain (%/mmHg)

1.29±0.12

1.20±0.13

1.26±0.11

1.19±0.12

Phase (degrees)

51±4

52±5

51±4

47±5

Coherence (unit)

0.79±0.04

0.84±0.04

0.77±0.04

0.80±0.04

6.4±0.8

4.2±0.9

4.1±0.8

3.3±0.9

Pooled analysis
MAP (mmHg)

Cerebrovascular vasomotor reactivity (CVMR)

Slow sit-stands
MAP (mmHg)
CBFv (cm/s)

Gain BRS (ms/mmHg)
0.05Hz repeated sit-stands
MAP (mmHg)

Gain BRS (ms/mmHg)
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Post-intervention
SIT

P-values
BREAKS

0h

3h

0h

3h

A

A*B

I

A*B*I

99±2

101±2

99±2

102±2

0.15

0.48

0.77

0.31

50.5±3.2

51.9±3.1

50.8±3.1

50.4±3.1

0.63

0.65

<0.01

0.55

0.50±0.03

0.50±0.03

0.50±0.03

0.49±0.03

0.79

0.67

<0.01

0.53

0.25±0.02

0.25±0.02

0.27±0.02

0.30±0.02

0.65

0.27

0.25

0.88

0.63±0.04

0.60±0.04

0.56±0.03

0.59±0.04

0.71

0.79

0.45

0.20

0.36±0.03

0.35±0.03

0.30±0.03

0.30±0.03

0.92

0.47

0.68

0.31

101±2

104±2

102±2

104±2

<0.01

0.18

0.12

0.58

47.3±2.8

47.4±2.9

45.9±2.7

47.8±2.8

0.43

0.62

0.05

0.82

0.47±0.03

0.46±0.03

0.45±0.03

0.46±0.03

0.79

0.42

0.16

0.94

0.44±0.04

0.45±0.04

0.39±0.04

0.42±0.04

0.35

0.75

<0.01

0.83

0.99±0.10

0.99±0.10

0.87±0.10

0.89±0.1

0.79

0.91

0.03

0.86

41±6

46±6

44±6

50±6

0.97

0.84

0.49

0.72

0.66±0.04

0.64±0.04

0.55±0.04

0.63±0.04

0.40

0.05

0.14

0.98

3.2±0.5

3.4±0.4

3.3±0.4

3.8±0.4

0.63

0.45

0.30

0.18

104±2

105±2

102±2

105±2

0.01

0.72

0.43

0.32

47.0±2.7

47.0±2.7

47.9±2.7

48.4±2.7

0.40

0.91

<0.01

0.90

0.46±0.03

0.45±0.03

0.47±0.03

0.46±0.03

0.83

0.89

0.02

0.78

0.61±0.05

0.53±0.05

0.55±0.05

0.56±0.05

0.48

0.48

0.26

0.38

1.36±0.11

1.19±0.12

1.18±0.12

1.18±0.11

0.12

0.40

0.93

0.47

49±4

52±4

46±4

51±4

0.59

0.80

0.84

0.50

0.80±0.04

0.79±0.04

0.84±0.04

0.84±0.04

0.43

0.99

0.41

0.79

4.9±0.8

4.6±0.8

4.2±0.8

5.4±0.8

0.30

0.14

0.60

0.95
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Figure 3: Average and individual values of flow, diameter and flow-mediated dilation (FMD) before and
after SIT and BREAKS at T1 and T2 for wave 2.0 and 3.0 (n=15). No significant changes were present in
flow. Diameter significantly increased from T1 to T2 (P=0.02). Uncorrected FMD showed a significant
difference in response to SIT or BREAKS (P <0.01). Even though no changes were present in uncorrected
FMD from T1 to T2 (P=0.14), correction for the larger diameter after intervention revealed a significant
increase in FMD from T1 to T2 (P=0.02). However, individual FMD data could not be corrected for
diameter and therefore is not shown. Averages are reported as mean±SEM.
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167±17
-77±16

Antegrade flow (ml/min)

Retrograde flow (ml/min)

7.0±0.2
3.2±0.4
7.6±1.1
3.2±0.4
3.1±0.4

Peak diameter (mm)

FMD (%)

SRauc (103)

FMD corrected for diameter

FMD corrected for SRauc

0.51±0.03

CVCi (cm/s/mmHg)

6.72±1.60

49.6±2.4

CBFv (cm/s)

Gain BRS

97±1

MAP (mmHg)

During rest

Cerebrovascular flow and function

6.7±0.2

Baseline diameter (mm)

Flow-mediated dilation

93±13

0h

Basal flow (ml/min)

blood flow patterns

Peripheral vascular flow and function

Acute (A)

Breaks (B)

SIT

4.34±1.67

0.47±0.03

47.3±2.4

100±1

2.9±0.4

2.9±0.4

6.7±1.1

3.0±0.4

6.8±0.2

6.6±0.2

-65±16

127±17

61±12

3h

5.46±1.56

0.48±0.03

46.3±2.4

97±1

2.8±0.4

2.7±0.4

5.2±1.1

2.7±0.4

6.9±0.2

6.7±0.2

-63±16

0.12
0.14

0.47±0.03
3.93±1.64

0.74

0.27

0.20

0.76

47.7±2.4

0.20

0.52

0.55

0.45

0.44

4.1±0.4

<0.01

0.07

4.2±0.4

100±1

0.90

6.4±1.1

0.82

0.01

0.85

0.09

4.1±0.4

0.94

0.24

0.92

0.03

0.81

7.1±0.2

0.43

0.68

0.08

1.00

6.8±0.2

0.17

0.77

0.89

0.99

-74±16

0.07

0.39

<0.01

0.26

158±17

0.12

Seq

0.88

0.08

84±13

A*B

P-values

0.22

A

3h

BREAKS

148±17

86±13

0h

Pre-intervention (T1)

Table 3. Acute impact of prolonged (3-hour) sitting (SIT) and interruptions in prolonged sitting (BREAKS) on vascular and cerebrovascular flow and
function measured after finishing the 16-week familiarization period (T1), n=25 for vascular measurements and n=24 for cerebrovascular measurements.
Data are reported as mean±SEM.
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36.0±1.5
0.43±0.02

CBFv (cm/s)

CVCi (cm/s/mmHg)

66.8±3.5
0.58±0.03

CBFv (cm/s)

CVCi (cm/s/mmHg)

50.5±2.2
0.51±0.02

CBFv (cm/s)

CVCi (cm/s/mmHg)

0.32±0.02
0.59±0.02
0.31±0.03

MAP reactivity

CBFv reactivity

CVCi reactivity

Cerebrovascular vasomotor reactivity (CVMR)

98±1

MAP (mmHg)

Pooled analysis

115±2

MAP (mmHg)

During hypercapnia

83±2

0h

MAP (mmHg)

During hypocapnia

Acute (A)

Breaks (B)

Table 3. Continued

SIT

0.32±0.03

0.61±0.03

0.28±0.02

0.47±0.02

47.8±2.2

100±1

0.56±0.03

64.0±3.6

114±2

0.39±0.02

33.0±1.5

85±2

3h

0.31±0.02

0.61±0.02

0.30±0.02

0.46±0.02

46.3±2.2

100±1

0.52±0.03

60.6±3.4

116±2

0.38±0.02

85±2

3h

0.33±0.02

0.62±0.02

0.31±0.02

0.46±0.02

46.9±2.2

100±1

0.53±0.03

61.4±3.4

116±2

0.38±0.02

32.0±1.5

BREAKS

32.1±1.5

86±2

0h

Pre-intervention (T1)

0.58

0.40

0.36

0.85

0.97

0.21

0.04

0.03

0.95

0.18

0.08

0.61

0.56

0.05
0.21

0.50

0.41

0.29

0.70

0.54

0.78

Seq

0.32

0.55

0.33

0.80

0.07

0.08

0.21

A*B

0.40

0.16

0.92

0.59

0.66

0.09

0.07

0.65

A

P-values
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46.0±2.3
0.46±0.02
0.39±0.03
0.86±0.07
48.7±3.8
0.60±0.04
3.33±0.44

CBFv (cm/s)

CVCi (cm/s/mmHg)

Gain (cm/s/mmHg)

nGain (%/mmHg)

Phase (degrees)

Coherence (unit)

Gain BRS (ms/mmHg)

101±1
44.3±2.3
0.44±0.02
0.56±0.04
1.28±0.08
49.8±3.2
0.79±0.03
4.76±0.65

MAP (mmHg)

CBFv (cm/s)

CVCi (cm/s/mmHg)

Gain (cm/s/mmHg)

nGain (%/mmHg)

Phase (degrees)

Coherence (unit)

Gain BRS (ms/mmHg)

0.05Hz repeated sit-stands

100±1

MAP (mmHg)

Slow sit-stands

5.52±0.62

0.81±0.03

48.9±3.3

1.30±0.08

0.54±0.04

0.41±0.02

42.1±2.4

104±1

3.74±0.44

0.61±0.04

44.1±3.8

0.96±0.07

0.40±0.03

0.42±0.2

43.0±2.3

103±1

4.04±0.59

0.78±0.03

48.4±3.1

1.32±0.08

0.54±0.04

0.42±0.2

42.0±2.2

101±1

3.29±0.42

0.57±0.03

45.9±3.6

0.90±0.07

0.37±0.03

0.43±0.2

42.0±2.2

99±1

0.80

0.42

0.28
0.26
0.24
0.41
0.27

<0.01
0.74
0.27
0.61
0.83
0.81
0.15
0.55

0.41±0.03
0.91±0.7
43.7±3.9
0.61±0.04
3.55±0.45

103±1
43.2±2.3
0.42±0.2
0.54±0.04
1.28±0.08
48.2±3.3
0.82±0.03
4.07±0.64

0.51

0.70

0.86

0.64

0.75

0.21

0.27

0.62

0.67

0.30

0.60

0.07

0.32

0.78

0.92

0.67

0.48

0.46

0.93

0.31

0.34

0.33

0.59

0.32

0.62

0.04

0.47

0.45±0.02

0.71

0.03

0.87

45.5±2.4

0.71

0.99

<0.01

102±1
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Discussion
This study presents the following findings. First, informed by feedback of participants, the
adjusted 16-week intervention resulted in a significant reduction in sedentary time of ~1
h/day. Second, the successful reduction in sedentary behaviour was linked to a significant
improvement in peripheral artery vascular structure and function, but also to an increase in
cerebral blood flow, whereas no changes in cerebrovascular function were observed. Third,
3-hour uninterrupted sitting leads to a decline in peripheral vascular function and cerebral
blood flow, but not cerebrovascular function, whilst these effects are prevented when sitting
was interrupted by brief walking breaks. Importantly, the 16-week intervention did not alter
the acute, 3-hour effects of (un)interrupted sitting on vascular and cerebrovascular flow or
function. Altogether, these data indicate that in individuals with increased cardiovascular
risk, acute and long-term reductions in sedentary behaviour improve vascular function and
increase cerebral perfusion, i.e. effects that may translate to clinically meaningful effects.
Accordingly, sedentary behaviour is a potential target to prevent future cardiovascular or
cerebrovascular disease in this group.
Studies that examined the acute effects of (un)interrupted sitting have highlighted the
potential detrimental impact of sedentary behaviour on (cerebro)vascular health, but were
unable to evaluate the causal link between long-term reduction in sedentary behaviour
and changes in (cerebro)vascular blood flow and function. One important factor limiting
this insight was that, despite the widespread availability of (commercial) wearable physical
activity devices, most wearables cannot validly distinguish between standing and sedentary
behaviour. Therefore, these wearables are unable to provide feedback on sedentary behaviour
specifically. We developed a pocket-based pedometer to provide direct and online feedback
on sedentary behaviour. Within our embedded pilot study, feedback from the participants
of wave 1.0 was used to optimize the intervention. Adjustments resulted in substantial
improvements in sedentary behaviour, resulting to a reduction of ~1hour sitting/day after 16
weeks in participants of wave 2.0 and 3.0. This observation of a significant reduction that
was present after 16 weeks is important, since a recent meta-analysis highlighted that only
short-term (median 4 weeks), but not long-term (>3-months), mHealth-interventions were
successful to decrease daily sedentary behaviour (11). This stresses the difficulty of inducing
long-term changes in sedentary behaviour, but also highlights the relevance of participants’
feedback to ultimately successfully improve physical activity patterns. Moreover, the
decrease in sedentary time observed in our study allowed us to assess the potential causal
link between sedentary behaviour and (cerebro)vascular function.
We found that, when correcting for the increase in diameter, SFA endothelial function
significantly improved after the 16-week intervention. One previous study, examining the
long-term benefits of an 8-week intervention using a standing desk, found no significant
improvement in endothelial function (28). The key difference between both interventions
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is the focus on breaking up daily sedentary time versus lowering sedentary time at work
(using the standing desks). This suggests that regularly breaking up sitting, rather than
simply decreasing total sedentary time, may be important. In line with the observations of
3-hour (un)interrupted sitting in our study, the frequent exposure to increases in shear may
represent key stimuli to explain our results (29). Importantly, regular exercise training and/or
higher fitness may also increase shear stimuli and improve vascular function and structure
(30), and should be carefully considered in relation to our intervention. Since physical fitness
or engagement in exercise did not change, we can assign improvements in vascular function
in our study to our intervention that specifically focused on replacing sedentary behaviour
with light-intensity physical activities.
Related to the cerebrovascular system, we found an increase in cerebral blood flow velocity
with no changes in measures of function. Whilst no previous study has examined the longterm effects of reduced sedentary behaviour on cerebrovascular function, several studies
have focused on the impact of exercise on these outcome parameters. Interestingly, trained
men persistently demonstrate higher cerebral blood flow compared to sedentary individuals
(31), with 4 months exercise training in older adults increasing hippocampal cerebral blood
flow (32). Despite these changes in local and global blood flow associated with exercise
training, cross-sectional and intervention studies found no effect of exercise training in
cerebrovascular function (33, 34). This suggests that adaptations after the 16-week reduced
sitting intervention are in line with those found after (regular) exercise training. The higher
blood flow velocity found after 16-weeks may relate to changes in cerebral mass (35),
a hypothesis that we cannot test in our study. Another potential mechanism relates to
exposure to repeated increases in cerebral perfusion. Low-to-moderate intensity activity
(e.g. walking), which increased across the 16-week intervention, acutely enhances neuronal
activity and increases cerebral perfusion by ~10-15% (36). In line with peripheral arteries
(30), repeated exposure to these stimuli may explain the higher blood flow to the brain.
Future work is required to better understand these adaptations in cerebral blood flow.
In contrast to cerebral blood flow, we found no change in measures of cerebrovascular
function. Nonetheless, this observation largely fits with previous studies, in that also
found no impact of exercise (training) on cerebrovascular function (33), despite the ability
for exercise training to increase cerebral perfusion. This highlights the robustness of the
cerebrovascular system to regulate cerebral blood flow. To support this, recent work found
that even presence of Alzheimer’s Disease may not markedly affect cerebrovascular function
(26). The lack of changes in our measures of cerebrovascular function stresses the need to
better understand the regulation (and clinical importance) of cerebrovascular blood flow.
When evaluating the acute impact of sedentary behaviour, we found that 3h uninterrupted
sitting impairs SFA endothelial function and lowers cerebral blood flow in individuals with
increased cardiovascular risk. Our finding extends previous work in healthy individuals,
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in that 3-to-4h periods of uninterrupted sitting impacts (cerebro)vascular function (8, 9).
Physical activity breaks successfully prevented these effects in our subjects with a priori
lower vascular function and cerebral perfusion, as is also in line with previous work in
healthy individuals (8, 9). Mechanisms that could explain these effects might relate to the
repeated exposure to shear stress experienced during the physical activity breaks. Acute
changes in shear stress are linked to immediate changes in endothelial function (37). In
fact, increasing vascular shear rate by heating prevented the decline in vascular function in
response to physical inactivity (38, 39). Similarly, light-intensity physical activity interruptions
adopted in our study have been demonstrated to increase peripheral artery shear rate (8)
and cerebral blood flow velocity (9). Future research is warranted to better understand and
link the acute changes in shear stress to changes in vascular function, but also how the
frequency, duration and intensity of physical activity interruptions affect these responses.

Clinical implications
We showed that high levels of sedentary behaviour can substantially be reduced and are
therefore a feasible target for new interventions. It is important to realize that communitydwelling cardiovascular and dementia patients spend more time in sedentary behaviour
compared to their healthy peers (40). This suggests that targeting sedentary behaviour is
relevant in this group, especially since these (clinical) groups typically do not meet guidelines
for exercise training. These observations warrant a focus on reducing sedentary behaviour
(in addition to promoting exercise training), especially since performance of light-intensity
activities is easy to perform (including in the home environment). Vascular dysfunction is
linked to future cardiovascular disease (41), whilst lower cerebral blood flow is associated with
cognitive decline and development of dementia (42). Therefore, our findings of increased
peripheral vascular function and cerebrovascular blood flow have potential clinical impact.
A final clinical consideration is that the 16-week intervention did not alter the acute impact
of 3-hour (un)interrupted sitting. In other words, breaking up sedentary time remains an
effective strategy to prevent the detrimental effect of prolonged sitting on vascular function
and cerebrovascular blood flow.

Limitations
Some limitations need to be considered. A potential limitation is that we did not include
a control group. However, our within subject results before and after the 16-week
familiarization period revealed no changes in outcome parameters (data not shown).
Another limitation of our study, as a consequence of adopting a serial approach of using
‘waves’ of participants, is the potential presence of a seasonal effect. However, all waves
started in different seasons, thereby correcting for potential seasonality effects. Finally, we
included a relatively small sample size. Whilst this should be taken into consideration and
limits widespread extrapolation, the close monitoring of the subjects across a prolonged
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period and the use of state-of-the-art technology minimizes potential error and provides
novel insight into the link between sedentary behaviour and (cerebro)vascular function.
In conclusion, this study demonstrates the beneficial effects on peripheral vascular function
and cerebral blood flow after a successful 16-week reduced sitting intervention in individuals
with increased cardiovascular risk. These findings are in line with acute impacts of prolonged
sitting on vascular function and cerebrovascular flow, highlighting the relevance of frequent
interrupting sedentary periods. Given the role of vascular function and cerebral blood flow in
the development of cardiovascular and cerebrovascular disease, our observations may have
important clinical implications. Reducing sedentary behaviour is an accessible intervention
and therefore might be easier applicable, compared to exercise training, in clinical groups.
Reducing sedentary behaviour is a promising target to prevent future cardiovascular or
cerebrovascular disease and should be further investigated to reveal its clinical impact.
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Supplemental figure 1: Activ8sit. For the 16-week reduced sitting intervention a customized activity
monitor (Activ8sit, 2M Engineering, Valkenswaard, the Netherlands) was used. See text for detailed
information.
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Supplemental figure 2: Flowchart of study participation We assessed 30 individuals for eligibility. 25
Individuals participated in the acute sessions before intervention (T1; n=25 for vascular measurements
and n=24 for cerebrovascular measurements) and 24 individuals fulfilled the 16-week reduced sitting
intervention (T2; n=24 for vascular measurements and n=23 for cerebrovascular measurements).
However, after exclusion of wave 1.0, the final intervention sample consisted of n=15 for vascular
measurements and n=14 for cerebrovascular measurements.
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Supplemental table 1. Sedentary behaviour characteristics of wave 1.0 before (T1) and after (T2) 16week reduced sitting intervention. N=9. Data are reported as mean±SEM.
Sedentary behaviour characteristics

T1

T2

P-value

Sedentary time (hours/day)

10.3±0.5

10.2±0.5

0.87

Standing time (hours/day)

3.5±0.3

3.6±0.3

0.53

Walking time (hours/day)

1.6±0.2

1.5±0.2

0.35

7,342±771

6,803±771

0.46

Steps (n/day)
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Supplemental table 2. Vascular and cerebrovascular flow and function of wave 1.0 before (T1) and
after (T2) 16-week reduced sitting intervention, n=9. Data are reported as mean±SEM.
Intervention (I)

Pre-intervention

Breaks (B)
Acute (A)

SIT

BREAKS

0h

3h

0h

3h

Basal flow (ml/min)

95±31

81±31

94±31

93±31

Antegrade flow (ml/min)

172±29

139±29

146±29

146±29

Retrograde flow (ml/min)

-77±16

-53±16

-53±16

-54±16

Baseline diameter (mm)

7.1±0.4

6.9±0.4

6.8±0.4

6.7±0.4

Peak diameter (mm)

7.3±0.4

7.1±0.4

7.0±0.4

7.0±0.4

FMD (%)

2.6±0.6

3.1±0.6

3.0±0.6

3.9±0.6

SRauc (103)

2.1±1.4

6.6±1.3

3.0±1.3

2.7±1.3

FMD corrected for diameter

2.7±0.6

3.1±0.5

2.9±0.5

3.9±0.5

FMD corrected for SRauc

2.5±0.6

3.1±0.6

2.9±0.6

4.0±0.6

MAP (mmHg)

95±2

98±2

95±2

100±2

MCAv (cm/s)

53.6±4.5

43.1±4.6

46.2±4.5

49.0±4.6

CVCi (cm/s/mmHg)

0.57±0.05

0.44±0.05

0.49±0.05

0.47±0.05

5.4±1.4

4.7±1.4

3.2±1.4

3.4±1.4

MAP (mmHg)

80±3

85±3

84±3

86±3

MCAv (cm/s)

37.1±2.9

30.5±3.0

32.9±2.9

31.9±2.9

0.47±0.03

0.36±0.04

0.40±0.03

0.38±0.04

MAP (mmHg)

114±3

112±3

114±3

116±3

MCAv (cm/s)

67.8±6.4

54.5±6.7

61.3±6.2

62.3±6.3

0.63±0.06

0.48±0.06

0.54±0.05

0.54±0.05

Peripheral vascular flow and function
Blood flow patterns

Flow-mediated dilation

Cerebrovascular flow and function
At rest

Gain BRS
During hypocapnia

CVCi (cm/s/mmHg)
During hypercapnia

CVCi (cm/s/mmHg)

168

Chronic and acute benefits of reduced sitting

Post-intervention
SIT

P-values
BREAKS

0h

3h

0h

3h

A

A*B

I

A*B*I

109±31

128±33

63±33

54±31

0.97

0.85

0.92

0.41

171±29

204±31

155±31

135±29

0.81

0.80

0.43

0.53

-62±16

-82±17

-91±17

-81±16

0.65

0.86

<0.01

0.04

6.9±0.4

6.8±0.4

7.0±0.4

6.8±0.4

0.22

0.82

0.96

0.78

7.1±0.4

7.1±0.4

7.2±0.4

7.1±0.4

0.40

0.89

0.85

0.85

3.0±0.6

4.0±0.6

3.1±0.7

3.9±0.6

0.05

0.88

0.44

0.89

5.1±1.3

4.8±1.4

5.7±1.5

5.9±1.3

0.28

0.24

0.06

0.18

3.0±0.5

4.3±0.6

3.1±0.6

3.5±0.5

0.08

0.79

0.44

0.61

3.0±0.6

4.4±0.6

3.0±0.7

3.5±0.6

0.06

0.72

0.45

0.53

99±2

101±2

100±2

102±2

0.01

0.85

<0.01

0.57

47.8±4.5

54.0±4.5

52.0±4.5

49.3±4.5

0.47

0.46

0.05

<0.01

0.48±0.05

0.54±0.05

0.53±0.05

0.50±0.05

0.07

0.28

0.80

<0.01

8.3±1.4

3.7±1.7

3.7±1.4

3.8±1.5

0.17

0.13

0.44

0.32

89±3

89±3

90±3

91±3

0.30

0.76

<0.01

0.58

34.6±2.9

36.8±2.9

37.1±2.9

33.1±2.9

0.02

0.89

0.02

<0.01

0.39±0.03

0.42±0.03

0.41±0.03

0.38±0.04

<0.01

0.65

0.90

<0.01

118±3

123±3

121±3

119±3

0.68

0.83

<0.01

0.19

67.0±6.2

72.3±6.2

73.7±6.2

70.3±6.3

0.25

0.53

<0.01

0.01

0.57±0.05

0.59±0.05

0.65±0.05

0.58±0.06

0.02

0.47

0.03

0.01
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Supplemental Table 2. Continued
Intervention (I)

Pre-intervention

Breaks (B)
Acute (A)

SIT

BREAKS

0h

3h

0h

3h

MAP (mmHg)

96±2

98±2

98±2

101±2

MCAv (cm/s)

52.7±4.2

43.1±4.3

46.8±4.2

47.7±4.2

0.56±0.04

0.43±0.04

0.48±0.04

0.46±0.04

MAP reactivity

0.35±0.03

0.28±0.03

0.31±0.03

0.30±0.03

MCAv reactivity

0.60±0.06

0.56±0.06

0.61±0.05

0.66±0.06

CVCi reactivity

0.33±0.06

0.28±0.06

0.30±0.04

0.36±0.05

MAP (mmHg)

98±2

100±2

97±2

102±2

MCAv (cm/s)

49.9±4.7

42.3±4.5

42.5±4.2

49.0±4.3

CVCi (cm/s/mmHg)

0.51±0.05

0.42±0.05

0.44±0.04

0.48±0.04

Gain

0.42±0.06

0.41±0.06

0.41±0.05

0.45±0.05

nGain

0.87±0.10

0.95±0.09

0.97±0.08

0.93±0.09

Phase

45±7

38±7

42±6

45±6

0.64±0.06

0.63±0.06

0.64±0.05

0.63±0.05

3.3±1.4

3.1±1.4

2.3±1.3

3.0±1.3

MAP (mmHg)

99±2

102±2

98±2

102±2

MCAv (cm/s)

49.3±4.6

42.1±4.6

42.0±4.6

42.1±4.5

CVCi (cm/s/mmHg)

0.50±0.05

0.41±0.05

0.43±0.05

0.42±0.05

Gain

0.59±0.08

0.56±0.08

0.56±0.08

0.57±0.08

nGain

1.16±0.12

1.34±0.12

1.33±0.12

1.38±0.11

Phase

49±4

46±4

48±4

49±4

0.80±0.05

0.86±0.05

0.81±0.05

0.89±0.04

3.4±1.0

4.7±1.0

3.7±1.0

4.3±1.0

Pooled analysis

CVCi (cm/s/mmHg)
Cerebrovascular vasomotor reactivity (CVMR)

Slow sit-stands

Coherence
Gain BRS
0.05Hz repeated sit-stands

Coherence
Gain BRS
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Post-intervention
SIT

P-values
BREAKS

0h

3h

0h

3h

A

A*B

I

A*B*I

102±2

104±2

104±2

104±2

0.05

0.81

<0.01

0.41

49.8±4.2

54.4±4.2

54.3±4.2

51.1±4.2

0.09

0.52

<0.01

<0.01

0.48±0.04

0.51±0.04

0.53±0.04

0.49±0.04

<0.01

0.40

0.06

<0.01

0.29±0.03

0.33±0.03

0.32±0.03

0.28±0.03

0.41

0.73

0.81

0.13

0.68±0.05

0.65±0.05

0.71±0.05

0.71±0.05

0.85

0.33

<0.01

0.63

0.32±0.05

0.32±0.04

0.43±0.05

0.42±0.05

0.92

0.45

0.10

0.37

105±2

105±2

104±2

106±2

0.04

0.38

<0.01

0.97

45.6±4.3

50.8±4.3

49.3±4.3

44±4.2

0.87

0.63

0.42

<0.01

0.43±0.04

0.48±0.04

0.48±0.04

0.42±0.04

0.45

0.77

0.58

<0.01

0.36±0.05

0.43±0.05

0.39±0.05

0.35±0.05

0.62

0.68

0.17

0.15

0.79±0.09

0.84±0.09

0.77±0.09

0.77±0.08

0.62

0.38

0.01

0.71

42±6

50±6

37±6

42±6

0.66

0.69

0.91

0.41

0.56±0.05

0.61±0.05

0.62±0.05

0.57±0.05

0.76

0.43

0.12

0.37

4.4±1.3

3.0±1.3

3.9±1.3

3.1±1.3

0.54

0.55

0.28

0.94

104±2

107±3

106±2

108±2

0.05

0.94

<0.01

0.62

46±4.6

47.2±5.1

49.5±4.5

46.4±4.8

0.32

0.72

0.13

0.20

0.45±0.05

0.44±0.05

0.47±0.05

0.44±0.05

0.15

0.62

0.64

0.29

0.6±0.08

0.56±0.09

0.62±0.08

0.51±0.08

0.25

0.85

0.98

0.50

1.31±0.12

1.20±0.13

1.22±0.11

1.05±0.12

0.82

0.41

0.07

0.76

49±4

52±5

47±4

45±5

0.89

0.98

0.98

0.41

0.79±0.05

0.77±0.05

0.78±0.04

0.81±0.05

0.23

0.63

0.09

0.76

6.1±1.0

3.0±1.2

2.8±1.0

4.1±1.1

0.94

0.11

0.97

0.04
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Abstract
Background Low-grade inflammation, largely mediated by monocyte-derived macrophages,
contributes to atherosclerosis. Sedentary behaviour (SB) is associated with atherosclerosis
and cardiovascular (CV) diseases. We examined whether reducing SB and improving walking
time improves monocyte inflammatory phenotype in subjects with increased CV risk.
Methods Across two waves, sixteen individuals with increased CV risk performed a
16-week intervention study (age 64±6 years, BMI 29.9±4.3 kg/m2), using a device with
vibration feedback to promote physical activity. Before and after intervention, we objectively
examined physical activity (ActivPAL), cytokine production capacity after ex vivo stimulation
in peripheral blood mononuclear cells (PBMCs), metabolism of PBMCs, circulating cytokine
concentrations, and monocyte immunophenotype.
Results Overall, no significant increase in walking time was found (1.9±0.7 to 2.2±1.2 hours/
day, P=0.07). However, strong, inverse correlations were observed between the change in
walking time and the change in production of IL-1β, IL-6, IL-8 and IL-10 after LPS stimulation
(rs=-0.655, -0.844, -0.672, and -0.781, respectively, all P<0.05). After intervention
optimisation based on feedback from wave 1, participants in wave 2 (n=8) showed an
increase in walking time (2.2±0.8 to 3.0±1.3 hours/day, P=0.001) and attenuated cytokine
production of IL-6, IL-8 and IL-10 (all P<0.05). Glycolysis (P=0.08) and maximal OXPHOS
(P=0.04) of PBMCs decreased after intervention. Lower IL-6 concentrations (P=0.06) and
monocyte percentages (P<0.05), but no changes in monocyte subsets were found.
Conclusion Successfully improving walking time shifts innate immune function towards
a less pro-inflammatory state, characterized by a lower capacity to produce inflammatory
cytokines, in individuals with increased CV risk.
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Introduction
Atherosclerotic cardiovascular diseases (CVD), including myocardial infarction and stroke,
are the major cause of death worldwide (1). Although regular exercise training is a potent
strategy to reduce risk for future CVD (2), only 50-60% of the Western population meet
these guidelines (3) with even lower prevalence rates in those at risk for CVD (4). In the
past decade, an increasing number of studies explored the role of sedentary behaviour (i.e.
any waking behaviour in a sitting, reclining or lying posture with energy expenditure below
1.5 metabolic equivalents) in the context of CVD. Interestingly, high levels of sedentary
behaviour, independent of exercise performance, are associated with an increased risk for
all-cause mortality and CVD (5-7). Cross-sectional studies have linked sedentary behaviour
to higher blood pressure (8), BMI (9), waist circumference (9, 10), glucose intolerance (10),
and lower high-density lipoprotein cholesterol (HDLc) (9). Despite these cross-sectional
observations, little work explored potential underlying mechanisms of the detrimental
impact of sedentary behaviour on development of future CVD.
Atherosclerosis is a low-grade inflammatory disorder of the arterial wall, in which monocytederived macrophages orchestrate the development of atherosclerotic plaques (11). We and
others have recently described that circulating monocytes of individuals with atherosclerosis
have a long-lasting pro-inflammatory phenotype. This is characterised by an enhanced
cytokine production capacity and a switch to an increased glycolytic metabolism (12, 13),
suggesting that functional and metabolic alterations in circulating monocytes contribute
to atherogenesis. Individuals with increased risk for CVD due to dyslipoproteinemia are
also characterized by a pro-inflammatory monocyte phenotype (14). Importantly, a
previous study found that a Western type diet in atherosclerosis-prone mice is capable
of inducing a persistent pro-inflammatory phenotype of circulating monocytes and their
bone marrow progenitors (15). Furthermore, pharmacological therapy inhibiting IL-1β in
the innate immunity pathway successfully reduced the risk of future cardiovascular events
in patients with CVD (16). This suggests that interventions, including pharmacological and
environmental strategies that impact on innate immune function, may alter the process of
atherosclerosis.
Sedentary behaviour is associated with markers of chronic low-grade inflammation (e.g.
high concentrations of C-reactive protein (CRP), interleukin-6 (IL-6), neopterin, leptin,
adiponectin and tumor necrosis factor alfa (TNFα)) (17, 18). However, no previous study
directly examined whether a change in sedentary behaviour (or physical activity) results
in modulation of the innate immune function. Therefore, we examined the impact of a
16-week intervention to reduce sedentary time and increase physical activity levels on
the innate immune function in subjects with increased risk for CVD. For this purpose, we
explored the functional and metabolic phenotype of innate immune cells in terms of ex vivo
cytokine production capacity and intracellular metabolism.
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Methods
The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Subjects
Individuals with an increased cardiovascular risk were recruited by newspaper and internet
advertisement in Nijmegen, the Netherlands. Individuals aged above 55 years with at least
40 hours per week of self-reported sedentary behaviour were eligible for participation.
Criteria for inclusion were the presence of one or more cardiovascular risk factors, consisting
of high blood pressure (SBP >160 mmHg, DBP >90 mmHg), anti-hypertensive medication
use, or BMI >28 kg/m2. Exclusion criteria were presence of diabetes mellitus, autoimmune
diseases or autoinflammatory diseases, and daily immunomodulatory drug use. Moreover,
individuals were excluded if they were not able to perform light-intensity physical activity
(e.g. standing and walking) or when unable or not allowed to provide informed consent.
The study protocol was approved by the Institutional Review Board Arnhem/Nijmegen, the
Netherlands and registered at the Netherlands Trial Register (NTR6387). All individuals gave
written informed consent.

Study design
Subjects reported to our laboratory on four measurement days; two test days before
and two test days after the 16-week intervention (Figure 1). At each measurement day,
participants were instructed to refrain from caffeine and alcohol intake at least 12 hours
prior to the test. Moreover, participants were instructed to refrain from vigorous exercise 24
hours prior to the measurements. At the first visit, participant characteristics were assessed
and blood was drawn for immunological assessment. In the subsequent week, baseline
sedentary behaviour characteristics of the subjects were measured using an activity monitor
combined with an inclinometer (ActivPAL, PAL technologies Ltd, Glasgow, UK). At a second
visit, participants handed in the activity monitor, received written and oral information about
the reduced sitting intervention, and participants started the 16-week intervention. Physical
activity patterns were assessed during the last week of the intervention and thereafter all
other measurements were repeated.
Intervention. The 16-week mHealth reduced sitting intervention involved prevention of
prolonged sitting behaviour (>30 minutes) throughout the day and promotion of lowintensity physical activity (e.g. walking, standing). Subjects received a pocket pedometer
Activ8sit (2M Engineering, Valkenswaard, the Netherlands) which recorded physical activity
patterns using an inclinometer and tri-axial accelerometer. This combination of information
allows for recognizing prolonged periods of sedentary behaviour and physical activity. A
vibrating signal was provided after 30 minutes of SB and served as a reminder to break
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Figure 1: Study design. Measurements were performed across 2 waves (n=8 per wave). Participants
visited our laboratory four times; two test days before and two test days after the 16-week intervention.

up sitting by low- to moderate-intensity physical activity for at least 2 minutes. Next
to direct feedback, participants were able to review their physical activity patterns in a
web-based environment. Furthermore, subjects had a phone meeting with their personal
coach periodically to evaluate their participation in the reduced sitting intervention. The
intervention study was performed in two groups. The intervention for wave 1 was performed
in September 2017 to January 2018 (i.e. group1.0, n=8) and wave 2 from March to July 2018
(i.e. group2.0, n=8). Based on feedback from the participants in group1.0, coaching and
support was intensified for subjects in group2.0 to optimise the intervention and to further
reduce sedentary behaviour.

Measurements
Cardiovascular risk assessment. Medical history, smoking status, medication use and
BMI were assessed in all participants. Capillary blood was used to measure fasting glucose
concentrations. Blood pressure was measured twice by a manual sphygmomanometer in
supine position after 5 minutes rest according to AHA guidelines (19).
Sedentary behaviour. A validated activity monitor (ActivPAL3 micro, PAL technologies,
Glasgow, United Kingdom) was used to measure number of steps, sedentary time, standing
and walking time (20). The ActivPAL was attached to the ventral side of the right thigh. The
monitor was coated in a waterproof sleeve to enable assessment for 8 days continuously.
The first day was excluded for data analyses, leaving 7 days of sedentary behaviour
measurements. ActivPAL data was processed using an analysis script in Matlab R2014b (The
Mathworks, Inc., Natick, Massachusetts). This allowed distinguishing between wake times
and bed times per day for each subject and calculated sedentary time, sedentary breaks,
number of prolonged sedentary bouts (>30 minutes), standing, walking time and number
of steps per day (21).
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Blood sampling. Directly before and after intervention, non-fasting blood was collected in
EDTA vacutainers. Sample collection was performed at 8.00-9.00 in the morning to avoid
interference of circadian rhythms of immune parameters, and sample processing occurred
within 2 hours. Plasma and serum were stored at -80°C until further use. Total cholesterol
(Tchol), high-density lipoprotein cholesterol (HDLc), and triglycerides were measured in
fasting Lithium Heparin plasma using standardized methods, and low-density lipoprotein
cholesterol (LDLc) was calculated with the Friedewald formula. Total blood cell counts were
determined with an automated Sysmex-XN 450 haematology analyser (Sysmex, Hamburg,
Germany).
PBMC isolation and stimulation. Human peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll-Paque density gradient centrifugation (GE Healthcare, Chicago, IL, USA). Cell
composition was evaluated by Sysmex analyser (Sysmex). PBMCs were concentrated in Roswell
Park Memorial Institute 1640 Dutch-modified culture medium (RPMI) (Life Technologies/
Invitrogen, Waltham, MA, USA) supplemented with 2 mmol/L glutamine (Invitrogen), 10 mg/
mL gentamicin (Centrafarm, Etten-Leur, the Netherlands) and 1 mmol/L pyruvate (Invitrogen).
To evaluate cytokine production capacity, 5x10^5 PBMCs per well were stimulated in
triplicate for 24 hours in round-bottom 96-well plates (Corning, New York, NY, USA) with
the following stimuli: RPMI, 10 ng/mL lipopolysaccharide (LPS) from Escherichia coli serotype
055:B5 (22) (Sigma-Aldrich, St. Louis, MO, USA), 10 μg/mL Pam3CysK4 (P3C) (L2000, EMC
microcollections, Tübingen, Germany), 10 ug/mL Resiquimod (R848) (Invivogen, San Diego,
CA, USA; Catalog#tlrl-r848-5), 50 μMol C16.0 conjugated with Albumin (Sigma-Aldrich resp.
Sanquin, Amsterdam, the Netherlands), and 50 μMol C16.0-Albumin in combination with
300 μg/mL sonicated monosodium urate (MSU) crystals (in house). The preparation of C16.0Albumin and MSU crystals is previously described (23). Simultaneously, to assess the adaptive
immune response, PBMCs were stimulated in triplicate for 7 days in RPMI, 1×10^6/mL Candida
albicans conidia (UC820 strain), and 1x10^6/mL Staphylococcus aureus (ATCC 29213 strain)
both with 10% human pool serum. After the incubation periods of 24 hours and 7 days,
supernatants were stored after plate centrifugation at −80°C until cytokine assessment.
Cytokine measurements. In stored supernatants cytokine concentrations were measured
using ELISA (Supplemental table 1). Circulating cytokine concentrations were determined
using ELLA cartridges for IL-1RA, IL-1β, IL-6 and IL-18 on the ELLA platform (Simpleplex, San
Jose, CA, USA). Thiobarbituric Acid Reactive Substances (TBARs) were measured in plasma
as measure for oxidative stress (OXitek TBARs Assay kit, ZeptoMatrix, New York, NY, USA).
Flow cytometry. Monocyte subpopulations, platelet complexes and expression markers
were identified with flow cytometry. Using the lysis-no-wash strategy (BD Pharm Lyse
lysing buffer, Becton Dickinson, Franklin Lakes, NJ, USA), 50 uL EDTA blood was stained
by monoclonal antibodies (CD45 Chrome Orange clone J33 Beckman Coulter, HLADR PE clone immu-357 Beckman Coulter, CD14 PC7 clone 61D3 Bioscience, CD16 FITC
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clone CB16 eBioscience, CD3 APC-750 clone UCTH1 Beckman Coulter, CD56 APC clone
N901 Beckman Coulter, CD192 BV421 clone 48607 Becton&Dickinson, CD11b BV785
clone ICRF44 Biolegend, CD41 PC5.5 clone Hip8 Biolegend) and measured with CytoFLEX
flow cytometer (Beckman Coulter, Brea, CA, USA). The gating strategy applied is shown
in Supplemental figure 1, gates were set with the fluorescence minus one method (24,
25). Data was analysed with Kaluza 3.1 software (Beckman Coulter). Characterization of
monocytes subsets is according to current recommendations (24, 25).
Metabolic measurements. Lactate levels were measured in unstimulated PBMCs after
24 hours. In a subgroup of subjects oxygen consumption rate was measured in freshly
isolated 5×10^6 PBMCs collected in RPMI. Oxygen consumption was measured at 37°C
using polarographic oxygen sensors in a two-chamber Oxygraph (OROBOROS Instruments,
Innsbruck, Austria). First, basal oxygen consumption was measured over a period of ≥10
minutes. Then, leak respiration was measured by adding oligomycin A (2.5 μM), a specific
inhibitor of mitochondrial complex V. Next, the mitochondrial uncoupler p-trifluoromethoxy
carbonyl cyanide phenyl hydrazone (FCCP) was added at increasing concentrations (ranging
from 0.2 μM to 1.0 μM final concentration) to determine maximal electron transport chain
capacity. Finally, non-mitochondrial oxygen consumption was established by adding the
mitochondrial complex I inhibitor rotenone (0.5 μM) and the mitochondrial complex III
inhibitor antimycin A (2.5 μM).

Statistical analysis
Data are presented as mean ±SD for continuous variables, as number (percentage) for
categorical variables and as median [interquartile range] for skewed distributed data. All data
were analysed using Wilcoxon signed-rank tests, unless stated otherwise. A 2-sided P-value
<0.05 was considered statistically significant. Data were analysed using Prism version 6.0
(GraphPad software, La Jolla, CA, USA) and SPSS version 21.0 (SPSS Inc, Chicago, IL, USA).

Results
Subject characteristics
Sixteen participants (age 64±6 years, BMI 29.9±4.3 kg/m2) participated in the study. After
16 weeks, the increase in walking time (1.9±0.7 to 2.2±1.2 hours/day, P=0.07) and step
count (8864±4138 to 10656±6821 n/day, P=0.06) did not reach statistical significance. The
intervention was performed in two waves. Based on feedback from participants in group1.0,
coaching and support was intensified for subjects in group2.0 to optimise the intervention.
No differences were found between both groups at baseline (Table 1). Importantly, group2.0
(n=8) significantly increased walking time (2.2±0.8 to 3.0±1.3 hours/day, P<0.01) and step
count (10659±4930 to 14909±7321 n/day, P<0.01). No changes were seen in estimated
physical fitness. Total cholesterol levels (P=0.05) and systolic blood pressure (SBP) (P<0.01)

179

8

Chapter 8

decreased in group2.0, whilst group1.0 (n=8) showed a decrease in glucose (P<0.01), an
increase in BMI (P=0.01) and in diastolic BP (P=0.01) (Table 1). In addition to analysis of the
entire group, sub-analyses on group2.0 (n=8) were performed to specifically examine the
impact of reducing sedentary behaviour on innate immune function. All data for group1.0
are reported in Supplemental tables 2-4.
Table 1. Participants’ characteristics.
Total

Group1.0

Group2.0

(n=16)

(n=8)

(n=8)

Sex (% male, n)

31 (5)

25 (2)

38 (3)

Age (years)

64±6

66±5

62±6

Current smoking (%, n)

13 (2)

0 (0)

25 (2)

Hypertension (%, n)

69 (11)

50 (4)

88 (7)

Baseline characteristics

Lipid lowering therapy (%, n)

25 (4)

25 (2)

25 (2)

B-antagonist use (%, n)

31 (5)

38 (3)

25 (2)

Intervention outcomes

Pre

Post

Pre

Post

Pre

Post

SBP (mmHg)

132±10

131±9

128±11

134±8

136±7

128±10**

DBP (mmHg)

82±7

84±7*

80±7

84±6*

83±7

83±8

BMI (kg/m2)

29.9±4.3

30.0±4.2

30.2±2.6

30.6±2.6*

29.5±5.7

29.4±5.4

Glucose (mmol/L)

6.17±0.77

5.78±0.74*

6.43±0.67

5.96±0.72**

5.91±0.82

5.61±0.76

Tchol (mmol/L)

5.11±0.74

4.88±0.61

5.04±0.76

4.94±0.48

5.18±0.78

4.83±0.75*

HDLc (mmol/L)

1.43±0.35

1.39±0.32

1.37±0.40

1.33±0.33

1.49±0.31

1.45±0.33

LDLc (mmol/L)

2.85±0.72

2.77±0.60

2.74±0.74

2.80±0.64

2.96±0.72

2.74±0.60

Triglycerides (mmol/L)

1.84±1.11

1.63±0.93

2.06±1.14

1.82±1.00

1.62±1.12

1.43±0.87

Non-HDLc (mmol/L)

3.67±0.69

3.51±0.52

3.66±0.82

3.63±0.43

3.68±0.60

3.40±0.61

Sedentary time (hours/day)

10.1±1.3

9.8±1.5

10.4±1.7

10.3±1.5

9.9±0.6

9.3±1.4

Sitting time >30 min (#/day)

6±2

6±2

7±2

7±1

5±1

5±1

1.9±0.7

2.2±1.2

1.5±0.5

1.4±0.4

2.2±0.8

3.0±1.3**

Walking time (hours/day)
Total step count (#/day)
Estimated physical fitness (ml

8864±4138 10656±6821 7069±2243

6402±2181

10659±4930 14909±7321**

27.7±7.4

27.7±8.8

25.3±5.4

22.6±4.9

30.0±8.6

32.8±9.1

Central vascular stiffness†

7.8±1.7

7.6±2.9

n.a.

n.a.

7.8±1.7

8.1 ±2.8

Peripheral vascular stiffness†

9.1±1.0

9.0±2.4

n.a.

n.a.

9.1±1.0

9.8 ±1.3

O2/ml/kg)

† data is missing for 8 participants. * indicates P< 0.05, **: P<0.01. Paired samples T-test, mean, SD, or x 2 test for
categorical data, mean (n). First and second group were matched (age, sex, BMI, smoking).
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Circulating inflammatory markers
A trend for a decrease in circulating IL-6 concentration was observed in group 2.0 (n=8)
(3.21 to 2.62 pg/mL, P=0.08) (Figure 2). The concentrations of inflammatory markers CRP,
IL-1β, IL-1RA and IL-18 did not change significantly after intervention. In addition, levels of
adiponectin and leptin, both adipokines; TBAR, a marker of oxidative stress; E-selectin and
VCAM-1, markers of endothelial dysfunction; and MMP-2, a matrix metalloproteinase, were
not affected by the intervention (Supplemental table 5).

Cytokine production capacity of PBMCs
After the intervention a significant reduction in the innate cytokine production capacity of
PBMCs was observed in group2.0 (n=8) (Figure 3A). We found an attenuated production
of IL-6, IL-8 and IL-10 in PBMCs stimulated for 24 hours with LPS, P3C and R848 (TLR4,

8

Figure 2: Circulating cytokines. Individual changes in circulating cytokines before and after intervention
(n=8). Mean is represented in black. Lowest detection limit for IL-1β is 0.31 pg/mL, and for IL-6 1.35 pg/
mL, indicated by the dotted line.
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Figure 3: Cytokine production capacity of PBMCs. A. Innate cytokine production after 24 hour
stimulation (n=8). B. Adaptive cytokine production after 7 day stimulation (n=8). Data before (white)
and after intervention (grey) are shown in boxplots (median ± interquartile range). Whiskers represent
95% confidence interval. * indicates P<0.05.
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TLR2 and TLR7/8 ligands respectively) after the 16-week intervention (all P<0.05). For
C16.0 stimulation (i.e. a saturated fatty acid) an attenuated production in IL-1β, IL-6 and
IL-8 (all P<0.05) was seen after intervention. After C16.0-MSU stimulation, which induces
inflammasome activation, IL-6 and IL-8 production was significantly attenuated after
intervention (all P<0.05). Correction for monocyte count in the PBMC fraction did not alter
the results for cytokine production after LPS and R848 stimulation, and IL-1β production
after C16.0 stimulation (see Supplemental table 6 for cell percentages in the PBMC fraction).
To study the adaptive immune function, 7 day stimulation of PBMCs with C. albicans and S.
aureus was performed. After intervention, a significant increase in the cytokine response of
IFNβ was observed after C. albicans stimulation (P=0.05), and of IFNβ, IL-22 and IL-17 after
S. aureus stimulation (P<0.05, P=0.08, and P<0.05, respectively) (Figure 3B).
We examined the correlation between the change in walking time and the change in
cytokine production capacity during the intervention on the data of both groups (n=16)
as all individuals possess data on a change in walking time and consequent changes in
cytokine production capacity (Figure 4). This analysis shows a strong, inverse correlation
between IL-1β, IL-6, IL-8 and IL-10 production after stimulation with LPS and R848 versus
walking time (all rs>-0.51 and P<0.001, except IL-8 after LPS P=0.01).
Table 2. Circulating cell counts and immunophenotyping of monocytes (n=8).
Cell counts

Pre

Post

WBC, 10^6/mL

5.3 (4.4-6.1)

5.0 (4.5-6.2)

Neutrophils, 10^6/mL

2.9 (2.6-3.3)

2.8 (2.4-3.2)

Lymphocytes, 10^6/mL

1.7 (1.3-2.2)

1.7 (1.6-2.5)

0.50 (0.37-0.60)

0.39 (0.27-0.54)

9.0 (7.3-10.3)

7.9 (6.1-8.7)*

Lymphocyte monocyte ratio

3.47 (2.95-4.51)

4.59 (3.90-6.13)*

Neutrophil lymphocyte ratio

1.54 (1.41-2.46)

1.61 (1.21-1.83)

Monocyte subsets (% total)

7.5 (6.0-7.9)

5.7 (3.8-6.6)

Classical Mo (% gated)

78.5 (76-81)

79.0 (75-84)

Intermediate Mo (% gated)

7.3 (4.4-8.1)

7.0 (4.1-8.0)

Nonclassical Mo (% gated)

14.1 (13.0-16.1)

12.7 (10.4-18.4)

8.0 (7.0-8.7)

8.5 (8.0-9.2)

CCR2+ Mo (MFI GMean)

5255 (4607-5932)

4385 (3894-6873)

CD11b+ Mo (MFI GMean)

8872 (6721-10893)

10743 (7924-10978)

Monocytes, 10^6/mL
Monocytes, %

Immunophenotype monocytes

CD41+ Mo (% gated)

Mo indicates monocytes, WBC: white blood cell counts, * indicates P< 0.05. Median, IQR.
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Immunophenotyping of monocytes
A reduction in the percentage of circulating monocytes (P<0.05) was observed together
with an increase in the lymphocyte-to-monocyte ratio (P=0.01) after intervention in
group2.0 (n=8) (Table 2). The distribution of the monocyte subpopulations, i.e. the classical,
intermediate and nonclassical monocytes, did not change during the intervention. Also,
CCR2 and CD11b expression in monocytes, and monocyte-platelet complexes were not
altered (Table 2).

Metabolism of PBMCs
A trend for a decrease in lactate production was observed (P=0.08) after 24 hours in
unstimulated PBMCs (Figure 5A). Oxygen consumption in freshly isolated PBMCs tended

Figure 4: Cytokine production capacity correlated with walking time per day (n=16). The change
in cytokine concentration after LPS (black) and R848 (red) stimulation correlated with the change
in walking time. Linear regression with 90% confidence interval. * indicates P<0.05, ** P<0.01, rs:
Spearman correlation coefficient.
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to decrease after intervention for both basal (P=0.06; n=6) and maximal (P<0.05; n=4)
respiration (Figure 5B-C). However, no changes were observed for relative and absolute
reserve capacity (P>0.20) (Figure 5D-E).

Discussion
Our main finding is that a 16-week intervention to reduce sedentary behaviour and
improve walking time alters the innate immune function towards a less pro-inflammatory
state in individuals with increased CV risk. In support of this observation, we found a
strong, inverse correlation between the increase in walking time and attenuated cytokine
production capacity that followed a dose-response like pattern. In other words, individuals
who had the highest increase in walking time, demonstrated the strongest reduction in
cytokine production capacity of circulating PBMCs. The reduction in inflammatory state
after the 16-week intervention coincided with a trend to decreased glycolysis and oxidative
phosphorylation rate. Together, our study provides a mechanistic explanation of the
cardiovascular benefits of long-term reductions in sedentary behaviour.
Given the current lack of validated strategies to reduce sedentary behaviour, we have codeveloped a physical activity-monitor with the capacity to provide tactile feedback for
the purpose of a “reduce sedentary behaviour”-intervention. During this process, data
from group1.0 showed no significant improvement in physical activity patterns. Based on
feedback from these participants, we adjusted the intervention, largely through an increased
frequency and more detailed feedback to the participants (including weekly online or
oral feedback). As a result, successful improvement of physical activity after the 16-week
intervention in participants from group2.0 was achieved, as supported by the increase in
walking time of 45 minutes/day. The difficulty of changing daily sedentary behaviour is
illustrated by previous 3-4 month intervention studies, also using mHealth-devices, that
failed to markedly improve walking time (26) or sedentary time (27). This emphasises the
importance for (co-)developing interventions, using participants’ feedback, to successfully
alter sedentary behaviour patterns.
Another important observation in our study was that the reduction in sedentary behaviour
was achieved through elevation in walking time rather than via increased engagement in
exercise training and/or physical fitness. Previous work linked regular exercise training and/or
higher fitness to mechanisms of cardiovascular protection and prevention of atherosclerosis
(28). Therefore, the absence of changes in physical fitness and/or exercise training, allows
us to relate the improved innate immune response to the reduction in sedentary behaviour.
The key finding of our study is that reducing sedentary behaviour across a 16-week
intervention is associated with a significant reduction in cytokine production capacity
of PBMCs (i.e. attenuated innate immune response). In previous cross-sectional studies,
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Figure 5: Metabolism of PBMCs. A. Extracellular lactate production in unstimulated PBMCs (n=8).
B. Representative result of the OROBOROS. C. Oxygen consumption is presented as basal respiration
(basal) (n=6), proton leak after inhibition of ATP synthase (leak) (n=4), maximal oxygen consumption
(max) (n=4), residual oxygen consumption or non-mitochondrial oxygen consumption (rox) (n=6). D-E.
Absolute and relative oxygen consumption reserve (n=4). Data before (white) and after intervention
(grey) are shown in boxplots (median ± interquartile range). Whiskers represent 90% confidence interval.
* indicates P<0.05.
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sedentary behaviour or physical inactivity was found to be associated with several circulating
markers of systemic inflammation (CRP, IL-6, TNF- α, neopterin) (17, 18), but the effect on
innate immune cell function was unexplored. Our observations confirm these previous
findings in that we found a trend for reduction in circulating IL-6 concentrations within
individuals after the 16-week intervention.
Next, one could hypothesize about the potential underlying mechanisms driving the
attenuated innate immune state. Previous work on the acute impact of sedentary behaviour
found marked reduction in vascular function, which was linked to a decreased in arterial
blood flow and presence of oxidative stress (29). More specifically, vitamin C supplementation
prevented the impact of 3h sitting on vascular function. However, the investigators found
no changes in the circulating oxidative stress markers (30). In our study we examined a
circulating marker of oxidative stress, but neither did we observe significant changes after
intervention. Additional markers of antioxidants and oxidative damage are needed to fully
exclude a role of oxidative stress. In addition, it is important to note that we cannot exclude
the potential presence of local changes of oxidative stress in tissues (e.g. active areas).
Another explanation for our observations, might relate to the metabolic effects of
sedentary behaviour versus low-intensity physical activity. A previous study found that an
acute sedentary bout impaired glucose metabolism (31). Interestingly, we found a trend for
decreased glycolysis and oxidative phosphorylation rates in PBMCs after our intervention.
Recent studies have shown that the hyper-responsiveness of circulating monocytes in terms
of cytokine production in patients with atherosclerosis coincides with an increased glycolytic
metabolism (12, 13). Therefore, metabolic changes during our intervention might contribute
to the attenuated inflammatory innate immune function. Moreover, the leptin/adiponectin
pathway seems related to the level of physical (in)activity in cross-sectional observations (17,
32, 33). In contrast to these studies, we found no change in the ratio after the intervention.
Together, the decrease in cellular metabolism is one mechanism driving the attenuated
immune response after intervention. Still future studies are warranted to better understand
our novel observation of the capacity of low-intensity physical activity to attenuate innate
immune responses of PBMCs in humans.
Interestingly, in conjunction with an attenuated innate immune response of PBMCs after
the intervention, we observed an enhanced production by the adaptive immune cells, as
IFNγ and IL-17 production after S. aureus stimulation significantly increased after the 16week intervention. A similar counter-regulatory mechanism has been reported previously.
A decreased production capacity of IFNγ was found in patients with cerebral small vessel
disease in conjunction with an increased innate immune cytokine production (34). This
increase in the adaptive immune response may represent a counter-regulatory mechanism
to compensate for the attenuate innate immune response.
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Our results are in line with recent studies that have demonstrated that environmental
factors can persistently modulate the inflammatory function of circulating monocytes
and, consequently, contribute to changes in risk for future CVD (35). For example, sleep
fragmentation leads to an increase in pro-inflammatory monocytes and subsequently to
larger atherosclerotic lesions in mice (36). In addition, chronic stress induces monocytosis
via accelerated haematopoiesis that subsequently promotes vulnerable plaque lesions
(37). Furthermore, a Western-type diet modulates towards long-lasting innate immune
reprogramming in myeloid cells and progenitor cells in Ldlr-/- mice (15). In agreement with
these earlier observations, our results imply that changes in lifestyle may reduce the risk to
develop CV disease through their effects on innate immune function in humans.
Our study may have implications for public health. The ability to successfully reduce
sedentary behaviour, in a population at risk for CVD and a priori high levels of sedentary
behaviour, and the associated diminished pro-inflammatory phenotype of innate immune
cells is of potential clinical relevance. More importantly, our work shows that the detrimental
effects of sedentary behaviour on atherosclerosis and CVD may, at least partly, be explained
through the direct effects on the innate immune function. However, some limitations must
be considered.
A potential limitation of this study is that, due to the design of our study, we cannot
exclude the impact of external modulators of immune function, e.g. seasonality. Previously,
annual seasonal variability in cytokine production has been described to significantly
peak in summer for several cytokines (e.g. TNF-α, IL-1β, and IL-6) after stimulation (38).
We observed a decreased cytokine production after the physical activity intervention in
July, which is exactly opposite effect of the annual seasonal summer peak. Moreover, no
seasonal effect was found for the cytokine production after P3C and LPS stimulation, the
stimuli applied in our study. This suggests that the effect of the intervention unlikely can
be explained by seasonality per se. Also, the strong correlation between walking time and
cytokine production capacity strongly argues for a direct effect of the intervention on
cytokine production capacity. Fluctuations of immune cells over time might have influenced
our results, however correction for the monocyte percentage of the PBMC fraction did
unalter our strongest findings, namely the cytokine production capacity after LPS and R848
stimulation.
Our relatively small sample size should be considered, although power analysis revealed
intermediate (β>0.65) to good (β>0.80) power for most outcomes, except for IL-8 which
is underpowered (see Supplemental table 7) and therefore has a larger chance of a type
II error (i.e. false negative results). Still we were able to detect a significant difference in
IL-8 before and after intervention. Nevertheless, caution should be taken extrapolating our
results to other groups and/or physical activity interventions.
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This study is the first to reveal a diminished pro-inflammatory phenotype of innate immune
cells after a successful 16 weeks reduced sitting intervention in subjects with increased
cardiovascular risk. These findings, combined with the within-subject approach of our study,
support the presence of a dose-response relationship between sedentary behaviour and
innate immune response. Given the central role for activated monocytes in atherosclerosis
and development of cardiovascular diseases, our observations may have important clinical
implications. These data improve our understanding of the link between sedentary behaviour
and cardiovascular disease and support the concept that targeting sedentary behaviour may
be an important approach in preventing atherosclerotic cardiovascular disease.
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Supplemental figure 1: Gating strategy of monocyte subsets and expression markers. Monocytes were selected based on CD45+ HLA-DR+ and
monocyte scatter properties, then CD3+ lymphocytes and CD56+ NK-cells were excluded, and monocyte subsets were identified in the CD14/CD16
plot as percentage of gated.
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Supplemental table 1. Product details of cytokines and chemokines measured with ELISA.

24 hour stimulation

7 day stimulation

Plasma

Item

Manufacturer

Category number

Human TNFα duoset

R&D

DY210

Human IL-1β duoset

R&D

DY201

Human IL-6 duoset

R&D

DY206

Human Pelipair IL-8

Sanquin

M9318

Human Pelipair IL-10

Sanquin

M9310

Human PelipairIFNγ

Sanquin

M9333

Human IL-17 duoset

R&D

DY317

Human IL-22 duoset

R&D

DY782

Human VCAM-1 duoset

R&D

DY809

Human E-selectin duoset

R&D

DY724

Human MMP-2 duoset

R&D

DY902

Human Leptin duoset

R&D

DY398

Human Adiponectin duoset R&D

DY1065

Supplemental table 2. Circulating cytokines in group1.0 (n=8).
Circulating cytokines

Pre

Post

263 [215-377]

260 [199-371]

IL-1β (pg/mL)

0.15 [0.09-0.17]

0.15 [0.08-0.27]

IL-6 (pg/mL)

2.66 [1.90-4.26]

3.43 [1.82-5.62]

IL-18 (pg/mL)

172 [112-193]

173 [117-226]

IL-1RA (pg/mL)

*: P< 0.05, **: P<0.01. Wilcoxon signed rank test, median, IQR.
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Supplemental table 3. Cytokine production capacity in group1.0 (n=8). A. Innate cytokine production
after 24 hour stimulation, B. Adaptive cytokine production after 7 day stimulation. *: P< 0.05, **:
P<0.01. Wilcoxon signed rank test, median, IQR. OFR: out of range.
A. Innate cytokine production

Pre

Post

IL-1β (pg/mL)

78 [78-78]

78 [78-78]

IL-6 (ng/mL)

0.5 [0.5-0.5]

0.5 [0.5-0.5]

IL-8 (ng/mL)

1.6 [1.6-1.6]

1.6 [1.6-1.6]

IL-10 (pg/mL)

47 [47-47]

47 [47-47]

TNFα (pg/mL)

78 [78-127]

78 [78-110]

IL-1β (pg/mL)

3478 [1689-6317]

12187 [6393-16901]*

IL-6 (pg/mL)

12.6 [7.0-27.7]

23.4 [21.6-25.9]*

IL-8 (ng/mL)

55.6 [27.7-87.7]

88.1 [67.7-123.2]*

IL-10 (pg/mL)

930 [804-1920]

1606 [974-1926]

TNFα (pg/mL)

447 [182-1117]

787 [489-1590]*

IL-1β (pg/mL)

2637 [1234-4333]

3552 [2617-5441]

IL-6 (ng/mL)

16.4 [10.9-22.6]

20.1 [17.1-26.7]*

IL-8 (ng/mL)

84.4 [70.7-114.6]

123.3 [89.4-157.6]*

IL-10 (pg/mL)

170 [106-768]

200 [128-440]

TNFa (pg/mL)

135 [115-297]

493 [110-923]

IL-1β (pg/mL)

OFR

OFR

IL-6 (ng/mL)

24.5 [18.7-40.6]

34.3 [26.9-50.1]

IL-8 (ng/mL)

37.7 [24.4-51.5]

67.7 [44.7-85.1]*

IL-10 (pg/mL)

1249 [1050-2642]

1299 [784-3837]

TNFα (pg/mL)

6093 [2811-7898]

5148 [2871-7435]

39 [39-145]

176 [39-372]*

IL-6 (pg/mL)

94 [94-225]

252 [94-1061]*

IL-8 (ng/mL)

2.1 [1.6-4.5]

6.3 [1.6-20.1]*

272 [168-363]

322 [183-555]

39 [39-374]

299 [46-798]

IL-6 (pg/mL)

94 [94-1542]

882 [166-1723]

IL-8 (ng/mL)

3.0 [1.6-20.6]

22.9 [1.7-31.2]

98 [78-119]

124 [78-730]

Unstimulated

LPS stimulated

8

P3C stimulated

R848 stimulated

C16.0 stimulated
IL-1β (pg/mL)

TNFα (pg/mL)
C16.0-MSU stimulated
IL-1β (pg/mL)

TNFα (pg/mL)
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B. Adaptive cytokine production

Pre

Post

IFNγ (pg/mL)

12 [12-12]

12 [12-12]

IL-22 (pg/mL)

78 [78-78]

78 [78-78]

IL-17 (pg/mL)

39 [39-39]

39 [39-39]

IFNγ (pg/mL)

448 [179-1032]

293 [110-553]

IL-22 (pg/mL)

4396 [803-9046]

2755 [1132-7182]

IL-17 (pg/mL)

556 [350-819]

444 [373-897]

IFNγ (pg/mL)

44 [18-150]

75 [61-1161]*

IL-22 (pg/mL)

158 [78-464]

101 [78-754]

IL-17 (pg/mL)

147 [39-810]

63 [39-262]

Unstimulated

Candida stimulated

St. aureus stimulated

Supplemental table 4. Metabolism: Lactate and oxygen consumption in group1.0 (n=8).
Oxygen consumption (O2/10^6 cells)

Pre

Post

Basal (pmol/sec)

2.5±0.2

1.9±0.5

Leak (pmol/sec)

0.6±0.2

0.6±0.2

Max (pmol/sec)

9.0±1.0

7.1±1.7

ROX (pmol/sec)

0.1±0.1

0.1±0.1

Absolute reserve (pmol/sec)

6.5±0.9

5.2±1.3

Relative reserve (%)
Lactate production (pg/ml)
*: P< 0.05, **: P<0.01. Wilcoxon signed rank test.
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73±3

854 [708-986]

1321 [1046-1339]
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Supplemental table 5. Circulating markers of fat tissue, inflammation, oxidative stress and endothelial
dysfunction (n=8).
Circulating markers

Pre

Post

Adiponectin (pg/mL)

4.17 (3.78-4.99)

4.18 (2.75-5.50)

Leptin (ug/mL)

16.2 (10.2-20.0)

14.4 (12.3-31.0)

5.1 (2.1-7.8)

5.6 (2.3-12.0)

CRP (pg/mL)

2.72 (1.62-3.69)

3.07 (2.22-3.54)

TBAR (nmol/L)

Leptin adiponectin ratio

1.38 (1.33-1.72)

1.41 (1.34-1.94)

MMP-2 (ng/mL)

377 (374-421)

383 (360-404)

VCAM-1 (ng/mL)

908 (828-978)

938 (781-978)

E-selectin (ng/mL)

10.3 (7.8-12.8)

10.8 (7.7-12.8)

*: P< 0.05, **: P<0.01. Wilcoxon signed rank test, median, IQR.

Supplemental table 6. Cell types in PBMC fraction (n=8).
Cell types in PBMC fraction

Pre

Post

1.1 (0.7-1.4)

0.9 (0.6-1.3)

Lymphocytes (%)

71 (69-74)

73 (67-81)*

Monocytes(%)

28 (24-30)

26 (18-30)*

Neutrophils(%)

8

*: P< 0.05, **: P<0.01. Wilcoxon signed rank test, median, IQR.

Supplemental table 7. Power analysis of cytokine production capacity. Power calculations of cytokine
production capacity using Wilcoxon-signed ranked test. Difference ±SD indicates the difference in
cytokine production capacity before and after intervention. r: correlation coefficient.
Stimulus
LPS

R848

Cytokine

Difference ±SD

r

Power (1-β)

Sample size needed
for β=0.80

IL-6 (ng/ml)

-8.1±7.3

0.46

0.68

10

IL-10 (pg/ml)

-611±468

0.55

0.81

8

IL-8 (ng/ml)

-27±41

0.21

0.31

24

IL-6 (ng/ml)

-22.4±5.9

0.93

0.99

4

IL-10 (pg/ml)

-959±337

0.92

0.99

4

IL-8 (ng/ml)

-16.9±18.2

0.40

0.53

13
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Chapter 9

The main objective of this thesis was to investigate the impact of reduced sedentary behaviour
in improving cardiovascular risk factors in participants with already elevated cardiovascular
risk. We started with evaluating the large variation in improvements in cardiovascular risk
factors in response to exercise training (Chapter 2). Then, we examined measures to assess
sedentary behaviour and the impact of sedentary behaviour on cardiovascular risk factors
(Chapters 3 and 4). We also gained insights in the level of sedentary behaviour in clinical
populations (Chapters 5 and 6). Eventually, we developed a reduced sitting intervention to
investigate the relation between sedentary behaviour and markers of cardiovascular health
(Chapters 7 and 8). In this final chapter, the results of the studies described in this thesis
will be discussed and we will provide how our results could be translated into daily practice.

Is there a dose-response or a ‘safe’ dose for sedentary behaviour?
Sedentary behaviour has emerged as an important cardiovascular risk factor and many
people are exposed to high levels of sedentary behaviour on a daily basis. As a result,
sedentary behaviour is often compared to smoking, another cardiovascular risk factor
that many people were exposed to and previously was thought not to be harmful. A
question often raised is “is sitting the new smoking?”. Simply stated, the answer is “no”.
Reasons supporting this answer are provided below. The first reason relates to the ‘dose’
of exposure. Although smoking and sedentary behaviour have some similarities, a very
important difference is that smoking has adverse effects starting from any dose. Even
indirect, passive smoking causes a health risk. Conversely, sedentary behaviour is part of
our normal behavioural pattern and likely causes no risk below a certain dose. Currently, the
safe dose, as this is called in toxicology, of sedentary behaviour is unknown.
Studies investigating a potential dose-response relation between sedentary behaviour and
health risk typically used questionnaires regarding sedentary behaviour in large populations.
Van der Ploeg et al. was one of the first to show that prolonged sitting is a risk factor
for all-cause mortality, independent of moderate-to-vigorous physical activity levels (1).
Later, Ekelund et al. reported that a strong correlation is present between sedentary time
and all-cause mortality for people who do not perform regular exercise (2). Groups with
intermediate exercise levels show a weaker correlation, whereas 60-75 minutes of exercise
per day is needed to eliminate the impact of high levels of sedentary behaviour (2). A followup study found that in the quartile of subjects with the lowest amount of physical activity,
a stronger correlation between sedentary behaviour and cardiovascular disease mortality
was present compared to the more active quartiles, whilst this correlation was absent in the
most active quartile (3). In contrast, associations between cancer mortality and sedentary
behaviour were only present in the most inactive quartile (3). An ACSM update summarized
that the hazardous effects of sedentary behaviour are more pronounced in physically
inactive people (4). Some studies have suggested that next to the total amount of sedentary
behaviour, the number of breaks in sedentary behaviour influences the risk (5). According
to the ACSM update, however, the available evidence is too limited for this suggestion (4).
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The studies described above report quartiles of levels of sedentary behaviour, but do not
provide exact sedentary time across the whole spectrum and all studies used subjective
measures of sedentary behaviour. Still, based on these studies it seems that <4 hours
sedentary behaviour per day does not cause any risk. This dose is similar to the quartiles
with the lowest sedentary behaviour in the previously mentioned studies. Starting from
a dose of 6 hours per day, sedentary behaviour is associated with risk, while risk further
increases when sedentary behaviour levels rise. Exercise reverses the impact of sedentary
behaviour and higher levels of exercise provide additional protection. However, 1 hour of
exercise per day may be needed to completely prevent the deleterious impact of sedentary
behaviour, whilst only ~1% of the population achieves this exercise level (6). Together, it is
well established that higher levels of sedentary behaviour increase cardiovascular risk and
high levels of exercise eliminate this risk.
A limiting factor in investigating the dose-response relation of sedentary behaviour is that
current measurement methods for sedentary behaviour are not interchangeable. In Chapter 4
we found that many questionnaires are available to assess sedentary behaviour, but there
is no consensus about which one to use. Furthermore, we discussed the validity and
reproducibility of sedentary behaviour questionnaires and found large variation in criterion
validity between questionnaires ranging from poor to excellent. The variation between
studies in questionnaires used to measure sedentary behaviour and variation in validity
further limits the possibility to combine data to specify a ‘safe’ dose of sedentary behaviour.
This highlights the importance to standardize sedentary behaviour questionnaires. The
Sedentary Behaviour Questionnaire is a good candidate for this, as it is a validated multi-item
questionnaire and reports domain specific sedentary behaviour (7, 8). Greater homogeneity
in research will increase interchangeability of results and finally result in insights in the doseresponse relation between sedentary behaviour and health.
Although subjective measures have their role in assessment of sedentary behaviour,
objective measures seem essential for detailed insight (9). Very recently, a systematic
review was performed to examine the dose-response associations between objectively
assessed physical activity and sedentary time and all-cause mortality (10). The first finding
of this study was that the objectively assessed data showed a dose-response relation with
considerably larger effect size compared to subjectively assessed data. Regarding the safe
dose of sedentary behaviour, they found a significant higher risk of death for a sedentary
time of 9.5 hours or more per day. This number is markedly higher than the ones suggested
in previous questionnaire-based studies, likely explained by the underestimation of total
daily sedentary time by the questionnaires used (9). A finding that is supported by our work
in Chapter 4.
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Do cardiovascular risk factors influence the acute impact of sedentary behaviour?
If sedentary behaviour is the “new smoking”, exposure of sedentary behaviour should
have adverse effects in all populations, regardless of the presence of risk factors. For this
purpose, we compared the acute impact of sedentary behaviour between healthy subjects
and subjects with increased cardiovascular risk, exhibiting a lower baseline vascular
function. A 3-hour sedentary bout revealed in our group with increased cardiovascular
risk no significant change in superficial femoral artery FMD (Chapter 7). However, studies
in young healthy people showed a clear decrease in FMD after 3 hours sitting (11-13).
These observations suggest that in a population with increased cardiovascular risk, and
thus a lower baseline vascular function, sitting does not further decrease vascular function,
whereas in a healthy population with a better baseline function prolonged sitting results in
a significant decrease.

Do cardiovascular risk factors influence the acute impact of breaks in
sedentary behaviour?
For the improvements of FMD by breaks, responses in our cardiovascular risk group were
in line with those reported in young healthy subjects. When sitting was interrupted with
walking breaks we observed an increase in FMD from 2.7% to 4.1% (Chapter 7), similar to
a young healthy population when prolonged sitting was interrupted with walking breaks
(4.5% to 6.9%) (11). This implies that improvements in response to acute breaks of sitting are
independent of baseline vascular function. Accordingly, our results highlight the potential
for breaks in sedentary behaviour to prevent the detrimental vascular effects in both healthy
populations and populations at risk.

Do cardiovascular risk factors influence the potential benefits obtained after
reduced sitting intervention?
Several previous studies have questioned whether a priori risk relates to subsequent longterm adaptations to exercise interventions in humans. In this line, we investigated predictors
of variation in response to 8-52 weeks exercise training in Chapter 2. Based on the presence
of an improvement in 4 traditional cardiovascular risk factors (i.e. body mass index, blood
pressure, total cholesterol, high-density lipoprotein cholesterol), we calculated the number
of cardiovascular risk factors that demonstrated improvement, resulting in a score ranging
from 0 to 4. In Chapter 2 found that the degree of a priori risk, as quantified by the
Framingham risk score (14), a measure of cardiovascular disease risk, did not correlate with
the degree of improvement in cardiovascular risk factors after exercise training. Similarly, a
priori risk may also not be related to changes in cardiovascular risk factors after a 4-month
“reduced sitting”-intervention. To confirm this finding, we performed a similar analysis on
the data of Chapter 7. The Framingham risk score again did not correlate with the number
of cardiovascular risk factors that improved after reduced sitting intervention (Figure 1,
r=0.22, P=0.43). Together, this suggests that reducing sedentary behaviour is of potential
benefit in both healthy populations and populations with increased cardiovascular risk.
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Figure 1: No relation between baseline Framinham Risk Score (FRS) and the number of cardiovascular
risk factors (CVRF) that improved after reduced sitting intervention.

Sedentary behaviour and exercise: two sides of the same coin?
Sedentary behaviour and exercise are often seen as opposite ends of the same spectrum.
Are sedentary behaviour and exercise indeed two sides of the same coin? To answer this
question, we will first evaluate the response of traditional cardiovascular risk factors to both
exercise training and reduced sitting in subjects with increased cardiovascular risk. Though
changes in some traditional cardiovascular risk factors did not reach statistical significance in
Chapter 8, effect sizes after reduced sitting were similar to those of exercise training. After
4 months of reduced sitting, we observed a significant increase in FMD of 0.8%. Similarly,
exercise training for 12 weeks in subjects with increased cardiovascular risk resulted in an
increase in femoral artery FMD from 4.9% to 6.1% (15). We found non-significant decreases
in total cholesterol from 5.2 mmol/L to 5.0 mmol/L and in low density lipoprotein (LDL)
cholesterol from 3.0 to 2.9 mmol/L, whereas a meta-analysis revealed an average decrease
of 0.10 mmol/L in total cholesterol and 0.10 mmol/L in LDL cholesterol after exercise
training (16). For systolic blood pressure, we found averages of 138 mmHg and 136 mmHg
before and after intervention, respectively, whereas a meta-analysis evaluating the effects
of endurance exercise training on blood pressure found a typical decline in systolic blood
pressure of 3 mmHg (17). These findings suggest that adaptations of cardiovascular risk
factors after the reduced sitting-intervention largely reflect changes observed after exercise
training, even though the cardiovascular system is exposed to different stimuli. Moreover,
for both reducing sedentary behaviour and performing exercise training, relatively small
changes are observed in traditional cardiovascular risk factors. Health benefits of exercise
training go beyond traditional cardiovascular risk factors, a phenomenon called the ‘risk
factor gap’ (18). Direct effects of exercise on vascular function and structure might explain
parts of this gap (19). As we also observed improvements in vascular function and structure
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Figure 2: Heterogeneity in response to 16 weeks reduced sitting intervention (n=15) and after 8-52
weeks of exercise training (n=166) in cardiovascular risk factors. BMI: body mass index, MAP: mean
arterial pressure, HDL: high-density lipoprotein, FRS: Framingham Risk score. Responses are sorted from
largest to smallest improvement.
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after reduced sitting, the cardiovascular benefits of reduced sitting might also act via direct
improvement of the vasculature.
As shown in Chapter 2, changes in cardiovascular risk factors after exercise training show
large heterogeneity. This is important, given the focus on traditional cardiovascular risk
factors from both a clinical and a patient’s view. Therefore, individual variations in response
to our reduced sitting intervention were evaluated and even though we could only use a
small sample size (n=15), similar heterogeneity patterns for responses in cardiovascular risk
factors after reduced sitting were present when compared to exercise training (Figure 2). On
a positive note, all participants improved in at least 1 cardiovascular risk factor, similar to the
response to exercise training as described in Chapter 2.
Substantial heterogeneity is present in response to both exercise and reduced sitting
interventions. As discussed in Chapter 2, measurement errors may explain part of the
variation. However, all data in Chapter 2 and Chapter 7 were obtained using standardized
measurement techniques and were strictly controlled. Thus, heterogeneity in responses
between participants truly exists. Awareness of heterogeneity is important as most people
focus on measurable changes in risk factors to be motivated to perform exercise. Also health
professionals (e.g. general practitioners, physical therapists) who use physical activities/
exercise as a health advice aim to observe changes in traditional cardiovascular risk factors
after a training period. However, lack of changes in traditional cardiovascular risk factors do
not simply imply that someone did not reduce sedentary behaviour or perform exercise and,
more important, do not reflect lack of changes in other (cardiovascular) outcomes, such as
vascular function. Awareness regarding the frequency of non-response should be raised to
avoid disappointment and unrealistic expectations.
Improvements in cardiovascular risk factors in response to reducing sedentary behaviour
and exercise training were similar. As discussed before, lower levels of sedentary behaviour
and high levels of exercise lower cardiovascular risk. However, reducing sedentary behaviour
is no ‘magic medicine’ and does not solve all inactivity related health problems. Factors,
such as muscle strength, core-stability and physical fitness are less likely to improve by
reducing sedentary behaviour, but will change upon exercise training. Although largely
true for cardiovascular health, this implies that sedentary behaviour and exercise cannot be
regarded as two sides of the same coin for health in general. In theory, the combination
of both exercise training and regular light-intensity physical activities would be optimal to
improve health.
Another difference between exercise training and reduced sitting is the way intensity,
duration and frequency influence the risk reduction. For exercise training, largest
cardiovascular benefits are observed in those who perform exercise at higher intensity, for a
longer duration and at a higher frequency (20). For this reason, the dose of exercise is often
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computed as MET hours/week, which combines the overall impact of intensity, duration
and frequency. In contrast to exercise, for reducing sedentary behaviour the frequency of
light intensity breaks seems more important than the total duration of activities. Frequent
interruptions in sedentary behaviour are more effective in lowering postprandial glucose
compared to an equal amount of continuous physical activity (21). Similarly, frequent (every
30 minutes) 2-minute walking breaks prevent a drop in cerebral blood flow observed during
4 hours prolonged sitting, whilst less frequent (every 2 hours) 8-minute walking breaks do
not (22). These results highlight the importance of frequency over duration of breaks in
sedentary behaviour. Moreover, a higher intensity of a break in sedentary behaviour does
not cause larger improvements. Breaks in sedentary behaviour of both light- and moderateintensity walking lowered postprandial glucose and insulin levels to a similar extent (23).
This finding was confirmed by a meta-analysis that pooled studies into the acute metabolic
impact of interruptions in sedentary behaviour (24). We therefore conclude that the
frequency of a break in sedentary behaviour is the essential stimulus causing the reduction
in cardiovascular risk, while the duration and intensity of a break is of lesser importance.
This conclusion is based on the acute findings in response to break frequency, duration
and intensity and research on chronic adaptations of reduced sitting is needed to further
determine the optimal reduced sitting dose.

How to reduce sedentary behaviour?
The next question is how to reduce sedentary behaviour in daily practice. Interventions
aiming to reduce sedentary behaviour need to target sedentary behaviour specifically (25).
Exercise does not change sedentary behaviour characteristics. This is illustrated by the
fact that even elite professional footballers display high levels of sedentary behaviour (26).
Moreover, a prospective study revealed that intensive exercise training does not alter time
spent in sedentary behaviour, despite significant changes in vigorous physical activity and
total daily activity counts (27). Again, sedentary behaviour and exercise are not two sides
of the same coin, and need different approaches. For exercise training, plenty locations to
perform exercise are available, but motivation is the limiting factor for adherence. Sedentary
behaviour is a habit in many daily life situations. For example, when meeting with someone,
“take a seat” is one of the first things to say as a word of welcome. In order to adapt
a lifestyle with less sedentary behaviour and more standing and/or walking time, the
environment needs to be adjusted, e.g. by facilitating standing working desks and meeting
rooms. The need to adjust the environmental and social setting is illustrated by a study
investigating the experiences of office workers who tried to stand during a normally-seated
meeting. The office workers experienced physical discomfort from prolonged standing,
and noted practical difficulties of fully engaging in meetings while standing (28). Many
participants experienced marked psychological discomfort due to concern at being seen to
be violating a strong perceived sitting norm (28). In our intervention, participants received
a flyer with practical approaches how to reduce sedentary behaviour. This helped to adjust
their home environment and for instance many participants adjusted a table to a standing
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desk and went out for a walk when they were meeting with a friend instead of sitting down
on the couch. Together, this could result in adjustments in several daily-life activities, which
could facilitate the long-term sustainability of reduced sitting. When the benefits of reduced
sitting are more established and society is more aware of the risk of prolonged sitting,
social-acceptability of standing or walking will be higher and adherence to reduced sitting
will further increase.

Who will benefit?
Although in theory interventions aimed at reducing sedentary behaviour would not be
needed if everyone performed exercise ~1 hour/day, this is in stark contrast with daily
practice. As only ~1% of the population achieves this amount (6), 99% could benefit of
reduced sitting. Findings from Chapter 5, 6 and 7 show that sedentary behaviour levels are
prevalent amongst populations with increased cardiovascular risk. Interestingly, in Chapter 7
we have shown that reducing sedentary behaviour is feasible in a population with increased
cardiovascular risk. When re-analysing our data, it is observed that baseline sedentary
behaviour does not relate to the reduction in sedentary time through the intervention.
Similar observations are present for step count and relative sitting time, in that baseline
step counts and relative sitting time do not correlate with the change in sitting time after
intervention. This suggests that reducing sedentary behaviour is effective in a large range of
baseline sedentary behaviour levels.

Self-reflection on sitting
When investigating sedentary behaviour in several populations, we noticed that participants
were well informed about the health risks that are associated with an inactive and sedentary
lifestyle. However, reflecting on the amount of sedentary behaviour individuals had was
surprisingly difficult. Upon providing participants with objectively obtained information on
their sedentary behaviour, all were very surprised and the objectively obtained data well
exceeded their expected sedentary behaviour levels. This mismatch between perceived
sedentariness and actual sedentary behaviour is of potential clinical interest. First, this
indicates that individuals typically underestimate their level of sedentary behaviour. Second,
it is difficult to change behaviour that people are not aware of. Future research should
search for solutions to raise awareness of sedentary behaviour.

One size fits all or tailor-made?
During the development of our reduced sitting intervention, we frequently asked for
feedback of our participants on the intervention. Wrist-worn wearables used to prevent
sedentary behaviour, typically provide feedback when no steps have been detected for
a certain period, and thereby standing results in negative feedback. In a pilot study we
used a wrist-worn device and found that sedentary behaviour-specific feedback is needed
to motivate participants to reduce sitting. Subsequently, a novel pocket-worn device was
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developed, which could distinguish between sitting and standing, and was eventually
able to substantially reduce sedentary behaviour. Several lessons could be learned of
this development process. 1) Real-time feedback on sedentary behaviour by a device is
appreciated and acts motivating, whereas erroneous feedback (e.g. a vibration while not in
a sedentary position) demotivates. 2) Coaching and information regarding the benefits of
sitting less and their individual progress helped to keep participants motivated. An online
overview of their individual sedentary behaviour levels helped participants to view their
progress. 3) Group meetings for participants were well appreciated, because participants
were able to exchange experiences and suggestions to further reduce sedentary behaviour.
The group feeling, also created by an online score that compared the activity level of an
individual to the other members of the group, was an additional motivator to reduce
sedentary behaviour. These findings could be transferred into daily practise by using online
groups, for instance with friends, family or colleagues. In these groups challenges could
be organised, e.g. a competition focussed on achieving a certain level of light-intensity
physical activity. As coaching helped participants, a multifaceted approach in which general
practitioners and physical therapists are involved could be used in clinical populations to
reduce sitting time.

Individual benefits
We have tested the effects of reducing
Dag Yvonne,
sedentary behaviour over 4 months.
Interestingly, the acute impact of a
Dank voor de mail en interessant en fijn
prolonged sitting bout does not change
voor jullie om te lezen dat minder zitten
after intervention, stressing the importance
het gehoopte positieve resultaat van
of frequent breaks in sedentary behaviour
jullie onderzoek heeft opgeleverd. Het
even when total sedentary time is
heeft voor mij ook het effect opgeleverd
lowered. Typically it takes 2 months to
dat er dagelijks meer bewogen wordt
get used to a different lifestyle (29). Still
i.v.t de tijd voor het onderzoek (en de
it requires motivation and perseverance
honden zijn er blij mee!)
to maintain these changes after a longer
period and therefore it would have been
Hartelijke groet,
interesting to look at the persistence of the
reduced sitting intervention. This was not
investigated, but we sent an information
letter to our participants after finalization of the study, to inform the participants about
the outcomes of the study. This resulted in responses (e.g. see text box) of participants who
told me that they still were more active and sat less. Even though the participants were not
coached and handed in the reduced sitting device, this highlights the potential long-term
feasibility to reduce sedentary behaviour. Still future studies should investigate the longterm effects of a reduced sitting intervention and whether the reduced sitting lifestyle could
be preserved for longer periods (i.e. years).
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Socio-economic benefits
Over the last years the detrimental impact of sedentary behaviour has been well established
and as a result some employers try to motivate their employees to sit less, among other by
offering the use of standing desks. Unfortunately, simply offering a standing desk does not
result in usage of a standing desk and subsequent changes in sedentary behaviour (30). A
study investigating barriers for reduced sitting found that “sitting is a habit”, “standing is
uncomfortable” and “standing is tiring” were the most mentioned barriers (31). Another
study identified work demands and the organisational social context as barriers for reduced
sitting (32). Based on my personal experiences, working at a standing desk does not cause
physical discomfort, when regularly alternated with sitting, and is at least equally efficient,
if not more efficient. This stresses that raising awareness of the adverse health effects
of prolonged sitting, information regarding the appropriate use of a standing desk and a
supportive organisational culture are important factors for improving individual-level and
organisational-level motivation. When investigating the feasibility of reduced sitting at work,
especially low-cost approaches, such as standing meetings and in-person communication,
were perceived to be feasible and acceptable in the office workplace (32). Walking lunch
breaks and the usage of (electric) bicycles for transportation could be introduced to further
lower daily sedentary time. Also the leisure time environment contributes to high levels
of sedentary behaviour. Public buildings, such as hospitals, cinemas, theatres and malls,
often use elevators and escalators to direct visitors where to go, whereas stairs should
be the first target to use. Also public transport could pilot with standing spots, especially
on short-distance routes. Whilst society is now focussed on the least effort and highest
comfort, a culture change is needed to implement frequent bouts of physical activity in both
occupational and leisure time.

Why do we benefit of reduced sitting?
Vascular adaptations. In Chapter 3 we discussed the mechanisms associated with the
increased cardiovascular risk of sedentary behaviour. Several mechanisms for the beneficial
effects of reducing sedentary behaviour on cardiovascular risk are suggested, starting with
an increase in blood flow (Figure 3). During every break in sedentary behaviour, metabolic
demand of the lower body muscles increases, resulting in an increased oxygen consumption,
production of vasodilatory stimuli, and increased blood flow. The impact of brief changes
in flow and consequent increases in shear rate could be one of the key processes for the
potential cardiovascular benefits of reduced sitting. Fluctuations in blood flow and shear
rate, without changing mean shear rate, improve vascular function (33). These fluctuations
in shear rate occur during changes in blood pressure, such as those during changes in
posture. Even during sedentary behaviour, increasing shear rate by heating, thus without
standing or walking, prevents the typical decline in vascular function (13). This suggests that
not standing or walking on itself, but the associated change in blood flow and shear rate
are the key elements that prevent cardiovascular impairments.
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Figure 3: Potential mechanisms of lower cardiovascular risk after reduced sitting.

Fluctuations in flow might also explain our finding of an increase in cerebrovascular flow
(CBFv) after 4 months reduced sitting intervention. Physical activity breaks may lead to rapid
changes in CBFv that, subsequently, may contribute to the increase in resting CBFv after
the 16-week intervention. For this purpose, a pilot study was performed in 15 younger
and 9 older individuals (unpublished). In this study we tested the impact of several daily
life activities on CBFv. Walking at an intensity of 15% of maximal heart rate significantly
increased CBFv (P<0.01, Figure 4A). A similar increase in CBFv was found while walking
at a higher intensity of 30% of maximal heart rate (P<0.01, Figure 4B). This increase in
CBFv during low-intensity walking activity is highly relevant, especially when comparing
the magnitude of these changes to exercise. Low-to-moderate intensity exercise increases
cerebral perfusion with 10-30% (34). When exercise intensity increases beyond 60-70% of
maximal oxygen uptake, cerebral perfusion remains elevated, but does not show a further
increase. This is caused by a hyperventilation-mediated reduction in arterial carbondioxide
levels, resulting in cerebral vasoconstriction (34). Therefore, even low intensity walking
exercise, leads to marked changes in cerebral blood flow that are close to changes found
during moderate-to-high intensity exercise. The repeated exposure to walking exercise,
ultimately adding up to 7h per week, may contribute to the increase in resting CBFv observed

Figure 4: Data of a pilot study. Light intensity walking at 15% (A) and 30% (B) of maximal heart rate
increased CBFv. Middle-aged participants (n=9, closed squares) showed a larger increase compared to
young participants (n=15, open squares).
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after 4 months reduced sitting intervention. These remarkable observations warrant future
research to investigate which vascular adaptations occur on the long term to explain the
increase in resting CBFv after intervention.
Low-grade Inflammation. Chronic low-grade inflammation could also explain
cardiovascular benefits of reduced sitting. In Chapter 8 we demonstrated a decrease in
pro-inflammatory characteristics of innate immune cells after reduced sitting intervention.
This provides the novel finding that changes in physical activity are capable of altering
innate immune activity in human. In mice it has been demonstrated that western type
diet increased the pro-inflammatory status (35). Innate immune function is important for
cardiovascular risk, as innate immune cells play a major role in the process of atherosclerotic
cardiovascular diseases (36), characterized by chronic low-grade inflammation, a state of
higher circulating pro-inflammatory markers (37). In subjects with a history of cardiovascular
disease, innate immune cells display a stronger pro-inflammatory phenotype (38). Our
finding that beneficial changes in innate immune status could be obtained with lifestyle
interventions in humans provides some new research questions. First, the clinical benefits
on atherosclerotic cardiovascular diseases of a less pro-inflammatory immune status should
be investigated. Second, as no other study regarding reduced sitting or exercise training has
investigated the inflammatory characteristics of innate immune cells, other interventions
could be used to test their impact on innate immune function. Given the strong link between
changes in sedentary behaviour and innate immune function as observed in Chapter 8, also
other physical activity interventions, including exercise training, are likely to impact innate
immune function in humans. Moreover, this suggest that changes in the innate immune
system may contribute to the potential cardioprotective effect of reduced sitting.
Metabolism. Sedentary behaviour is strongly linked to impaired glucose metabolism (23,
39). A meta-analysis including 20 crossover studies comparing the acute effects of regular
activity breaks and prolonged sitting found that regular activity breaks lowered postprandial
glucose and insulin (24). Despites the strong link between glucose intolerance and
sedentary behaviour in acute studies, our intervention study did not reveal improvements in
fasting glucose, insulin or HOMA-IR (Chapter 8). Also when analysing a subgroup of our
participants with pre-diabetes (i.e. baseline glucose values ≥6.1mmol/L), no differences in
these outcomes were revealed. However, this subgroup analysis could be underpowered
and our measurements may not be sensitive enough to detect changes in glucose tolerance.
In a recent review, sedentary behaviour is characterised as a key determinant of metabolic
inflexibility, the ability to adapt substrate oxidation rates in response to changes in fuel
availability (40). This is characterized by lower fasting fat oxidation and/or an impaired
ability to oxidize carbohydrate during feeding or insulin-stimulated conditions (40). Exercise
training is associated with improvements in metabolic flexibility (41). However, we did not
measure these characteristics and therefore cannot determine whether changes in metabolic
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flexibility are present. Future studies should use extensive methods to further investigate the
impact of reduced sitting on glycaemic control in relevant patient groups.
Oxidative stress. Another explanation for the cardiovascular benefits of reduced sitting
relates to oxidative stress, as suggested in Chapter 3. Exercise training in hypertensive rats
resulted in lower oxidative stress levels (42). However, no study has found direct evidence for
changes in oxidative stress during prolonged sitting or reductions in sedentary behaviour.
An intervention with vitamin C, which has antioxidative effects, prevented the acute adverse
effects of prolonged sedentary behaviour on vascular function (43). The absence of vascular
impairment could be due to the oxidant-scavenging ability of vitamin C, lowering the
amount of reactive oxygen species, but could also be explained by direct beneficial effects
on the vascular wall (44). Also, no changes were found in markers of oxidative stress before
and after uninterrupted sitting (43). In Chapter 8 we measured TBARs, a subset of oxidative
stress markers, but these did not change after the 16 weeks reduced sitting intervention.
Together, this suggests that sedentary behaviour could be an inadequate stimulus to induce
oxidative stress and therefore no beneficial effects of breaks in sedentary behaviour are
observed in oxidative damage. Still, as oxidative stress is difficult to define and to quantify,
additional markers of antioxidants and oxidative damage are needed to exclude a role of
oxidative stress in the potential cardiovascular benefits of reduced sitting.

Future research
Several questions remain unanswered in this thesis. First, the ‘safe’ dose of sedentary
behaviour should be determined and how breaks in sedentary behaviour influence this.
With this knowledge, guidelines should be made in order to advice society regarding their
sedentary behaviour. This should finally result in adaptations in daily life, e.g. schools, office
buildings and public transport might need to be updated. Next, the optimal frequency,
duration and intensity of breaks in sedentary behaviour should be investigated. A break in
sedentary behaviour appears to be the essential stimulus. The duration and intensity is of
lesser importance, while the frequency of interruptions is key to prevent increased risk. Future
research on this topic would help to apply reduced sitting in daily practice. Furthermore,
the interplay between sedentary behaviour and physical activity on cardiovascular risk
needs further investigation, resulting in personalized physical activity prescription. Ideally,
both exercise and reduced sedentary behaviour are performed to lower cardiovascular risk.
However, based on personal preferences and feasibility, the balance between the two could
be adjusted. Researchers should search for novel interventions how to optimally achieve this
lifestyle. It is important to involve health care workers, as they will transfer this intervention
to daily practice and advice patients about this novel reduced sitting and more exercise
lifestyle. To transfer reduced sitting to clinical practice and have reduced sitting included in
health guidelines, randomized controlled trials should be developed using clinically relevant
end-points (e.g. cardiovascular events or death) instead of markers of cardiovascular risk
to truly reveal the clinical impact of reduced sitting. Furthermore, the effect size of the
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potential benefits after reduced sitting in cardiovascular risk should be investigated in both
general population and specific patient groups. A next step would be to compare reduced
sitting to traditional medicine, e.g. could reduced sitting be an alternative to antihypertensive
medication, glucose lowering agents, or statins. Obviously, those long-term randomized
clinical trials are expensive and time-consuming to perform. As no-side effects of reducing
sedentary behaviour have been reported so far, it is advised to implement reduced sitting,
even though its true beneficial value should still be investigated.

Conclusion
Our work highlights high prevalence of sedentary behaviour in vulnerable groups, which
is often underestimated by individuals. We co-developed an intervention that reduces
sedentary behaviour. The potential benefits of reduced sitting are supported by the improved
vascular function, higher blood flow and a decreased pro-inflammatory innate immune
response, which all may contribute to a lower cardio-/cerebrovascular risk. When evaluating
these interventions, it is important to not simply focus on the individual improvements
in traditional risk factors, as these underestimate the true effect on cardiovascular risk.
In addition, it is important to use validated measures of sedentary behaviour to truly
understand the impact of the intervention. Together, this thesis suggests that lowering
sedentary time and promoting light-intensity physical activity is an innovative and promising
target to improve cardio-/cerebrovascular health.
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Chapter 10

Physical inactivity and sedentary behaviour are associated with increased cardiovascular risk.
In Chapter 1 we introduced these topics and the difference between them. Whilst physical
inactivity relates to lack of regular exercise, sedentary behaviour comprises behaviour in a
sitting or lying posture. Despite increased awareness of the importance of exercise training
over the past decades, incidence of physical inactivity keeps increasing. Given the recent
observations regarding the impact of sedentary behaviour on cardiovascular risk, reducing
sedentary behaviour is suggested as a novel strategy to improve cardiovascular health.
In Chapter 2 we investigated whether changes in physical fitness following exercise
training programs relate to changes in cardiovascular risk factors in subjects with increased
cardiovascular risk. For this purpose we pooled data from exercise training programs in
subjects with increased cardiovascular risk who underwent 8-52 weeks endurance training.
We revealed that training induces heterogeneous responses in both change in fitness and
cardiovascular risk factors, with nonresponder rates of 17% for fitness, 44% for body mass
index, 33% for mean arterial pressure, 49% for total cholesterol, and 49% for high-density
lipoprotein cholesterol. Therefore, heterogeneity is present in the magnitude and direction
of change in fitness levels and in cardiovascular risk factors. The improvement in fitness did
not relate to improvements in cardiovascular risk factors, indicating that the absence of an
increase in fitness after training does not preclude the possibility of beneficial adaptations
in cardiovascular risk factors.
In Chapter 3 we explored underlying mechanisms of the relation between sedentary
behaviour and cardiovascular disease using a literature review. First, we described that
several traditional cardiovascular risk factors are related to sedentary behaviour. Moreover,
also markers of vascular health are strongly linked to sedentary behaviour. Based on the
available evidence, we propose that sedentary behaviour-induced downregulation of shear
rate and blood flow, as well as alterations to glucose metabolism and inflammatory and
oxidative stress pathways, are likely to contribute to vascular dysfunction associated with
sedentary behaviour.
In Chapter 4 we performed a systematic review and meta-analysis to evaluate validity
and reliability of sedentary behaviour questionnaires, which represent increasingly used
tools in contemporary research related to sedentary behaviour. First, wide variability in the
measurement properties and quality of the studies was observed. Second, we revealed
marked variability in the validity of questionnaires, ranging from poor to excellent, with a
higher validity of logs and diaries compared to questionnaires. The reliability of questionnaires
and logs and diaries was moderate to good. These findings indicate that logs and diaries are
recommended as subjective measures of sedentary behaviour, whilst questionnaires could
be used in larger scaled studies when there is limited time.
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In Chapter 5 we examined physical activity and sedentary behaviour characteristics of
ambulatory and community-dwelling patients with dementia compared to cognitively
healthy age-, sex- and weight-matched controls. Using accelerometers we found that relative
sedentary time and sedentary bout duration were significantly higher in dementia patients
than in controls. Dementia patients spent less time in light-to-moderate and moderate-tovigorous intensity physical activities. This may have clinically important consequences, given
the associations of sedentary behaviour with cardiovascular risk and cognitive decline. Our
data suggests that both reducing sedentary time and preventing prolonged sedentary bouts
by regularly breaking up sedentary behaviour are potential targets for lifestyle interventions
in dementia patients.
In Chapter 6 we objectively assessed physical activity patterns in type 2 diabetes mellitus
(T2DM) patients with and without insulin therapy, weight-matched controls and lean
controls. We also followed T2DM patients for 12 months after they started with insulin
therapy. Our cross-sectional and longitudinal data showed a more sedentary lifestyle
in T2DM patients compared to controls, whilst sedentary behaviour is highest in T2DM
patients using insulin therapy. Moreover, non-obese T2DM patients showed a significant
correlation between the increase in sedentary behaviour and weight gain after start of
insulin therapy. This suggests that increased sedentary behaviour, especially in non-obese
T2DM patients, may contribute to body weight gain after initiation of insulin therapy. These
findings indicate that assessment of sedentary behaviour and subsequent interventions may
be needed in T2DM management.
In Chapter 7 we described the results of chronic and acute impact of reduced sitting
on peripheral and cerebral vascular flow and function in individuals with increased
cardiovascular risk. First, we introduce a novel, feasible and successful intervention to
reduce sedentary behaviour by ~1 h/day. Second, the reduction in sedentary behaviour was
linked to an improvement in vascular structure and function, but also enhances cerebral
blood flow. Third, to gain further mechanistic insights, we linked these findings to acute (3hour) impact of sedentary behaviour. Acute sitting impaired vascular function and declined
cerebral blood flow, whilst these effects were prevented when sitting was interrupted by
brief walking breaks. Fourth, these effects of 3-hour sitting remained present after the
16-week intervention. These results suggest that reducing sedentary behaviour is feasible
in a relevant population and that reducing sedentary behaviour is a novel approach to
successfully improve cardio‑/cerebrovascular risk.
In Chapter 8 we examined whether reducing SB and improving walking time improves
monocyte inflammatory phenotype in subjects with increased cardiovascular risk. After
intervention, we observed an attenuated cytokine production capacity of IL-6, IL-8 and
IL-10 in response to an in vitro, pro-inflammatory stimulus. We also found strong, inverse
correlations between the change in walking time and the change in production of IL-1β,
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IL-6, IL-8 and IL-10 after LPS stimulation. This suggests that reducing sedentary behaviour
leads to a shift in innate immune function towards a less pro-inflammatory state,
characterized by a lower capacity to produce inflammatory cytokines, implying that changes
in innate immune cells contribute to the potential cardiovascular benefits of reduced sitting.
Chapter 9 discussed the main findings of this thesis. We concluded that sedentary behaviour
is highly prevalent in vulnerable groups, which is often underestimated by individuals.
Furthermore, we were able to effectively reduce sedentary behaviour by an intervention.
The potential benefits of reduced sitting are supported by the improved vascular function,
higher blood flow and less pro-inflammatory innate immune response, which all may
contribute to lower cardio-/cerebrovascular risk. When evaluating these interventions, it
is important to not simply focus on the individual improvements in traditional risk factors,
as these underestimate the true effect on cardiovascular risk. In addition, it is important
to use validated measures of sedentary behaviour to truly understand the impact of the
intervention. Together, lowering sedentary time and promoting light-intensity physical
activity is an innovative and promising target to improve cardio-/cerebrovascular health.
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Chapter 10

Inleiding
Fysieke inactiviteit en sedentair gedrag worden beide in verband gebracht met een
verhoogd risico op hart- en vaatziekten. In Hoofdstuk 1 worden de begrippen “inactiviteit”
en “sedentair gedrag” en de verschillen hiertussen geïntroduceerd. Fysieke inactiviteit is
gedefinieerd als een gebrek aan sport of andere regelmatige lichaamsbeweging. Sedentair
gedrag betreft veel zitten. Hoewel de kennis over het belang van sporten de afgelopen
tientallen jaren is toegenomen, stijgt het percentage mensen dat onvoldoende sport nog
steeds.
Niet alleen weinig sporten is een gevaar van onze huidige leefstijl. Veel zitten wordt in
verband gebracht met een stijging van het risico op hart- en vaatziekten. Mensen die meer
dan elf uur per dag zitten, hebben een sterk verhoogd risico op overlijden in vergelijking met
mensen die minder dan vier uur per dag zitten. Het valt op dat sporten het nadelige effect
van veel zitten niet tegen lijkt te gaan. Pas als iemand iedere dag 60 tot 75 minuten sport,
lijkt veel zitten geen nadelig effect meer te hebben op het risico op hart- en vaatziekten.
In Nederland voldoet slechts een kleine minderheid aan deze hoeveelheid van 60 tot 75
minuten sporten per dag. Hieruit kun je afleiden dat minder zitten voor bijna de gehele
populatie relevant kan zijn. Daarnaast is het vervangen van zitten door staan of lopen een
interessant alternatief, omdat het een simpele en gemakkelijk uitvoerbare aanpassing van
de levensstijl is. Dit geldt in het bijzonder voor kwetsbare populaties die niet meer intensief
kunnen sporten en op deze manier mogelijk ook gezondheidswinst kunnen behalen.
Minder zitten is dus een interessante, nieuwe methode om het risico op hart- en vaatziekten
mogelijk te verminderen.
Dit proefschrift beschrijft verschillende onderzoeken naar het effect van minder zitten
op risicofactoren voor hart- en vaatziekten. Zo onderzoeken we de effecten van minder
zitten op de bloedvaten van de bovenbenen en de hersenen. Daarnaast onderzoeken we
achterliggende mechanismen, waaronder de invloed van minder zitten op cellen van het
afweersysteem. Voordat we begonnen met het onderzoek naar zitgedrag, hebben we
gekeken naar individuele variatie na het uitvoeren van een sportprogramma. We bekeken
daarbij de veranderingen in risicofactoren voor hart- en vaatziekten. Vervolgens hebben we
in de literatuur op systematische wijze gezocht naar mogelijke mechanismen die kunnen
verklaren waarom veel zitten slecht is voor het hart en de bloedvaten. Verder hebben we
de betrouwbaarheid van vragenlijsten om zitgedrag te meten onderzocht en hebben we
onderzoek gedaan naar de mate van zitgedrag in verschillende risicogroepen.
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Resultaten
In Hoofdstuk 2 hebben we onderzocht of veranderingen in fysieke fitheid als gevolg van een
sportprogramma relateren aan de veranderingen in risicofactoren voor hart- en vaatziekten.
Hiervoor hebben we data samengevoegd van verschillende trainingsprogramma’s, waarbij
mensen met een verhoogd risico op hart- en vaatziekten 8 tot 52 weken duurtraining
volgden. We zagen veel spreiding in de respons na de training, zowel in fitheid als in
risicofactoren. Zo liet 17% van de deelnemers geen of een negatieve verandering zien in
fitheid. Ook voor de risicofactoren BMI (44%), bloeddruk (33%), totaal cholesterol (49%) en
HDL-cholesterol (49%) lieten veel deelnemers geen of een negatieve verandering zien. Deze
mensen hebben exact dezelfde training gevolgd als de mensen die wel een verbetering in
fitheid of in risicofactoren lieten zien. Daarnaast relateerde de verbetering in fitheid niet aan
een verbetering in risicofactoren. Ook mensen die niet of nauwelijks verbeteren in fitheid
kunnen dus een duidelijke verbetering laten zien in het risico op hart- en vaatziekten.
In Hoofdstuk 3 hebben we de relatie tussen sedentair gedrag en hart- en vaatziekten door
middel van een literatuurstudie onderzocht. We lieten eerst zien dat veel zitten samenhangt
met verschillende traditionele risicofactoren voor hart- en vaatziekten (gewicht, bloeddruk,
cholesterol). Daarnaast waren ook indicatoren van de gezondheid van de bloedvaten
gelinkt aan sedentair gedrag. Op grond van de beschikbare literatuur verwachten we dat
langdurig zitten een daling van de doorbloeding initieert en vervolgens zorgt voor slechter
functionerende bloedvaten. Daarnaast spelen ook veranderingen in bloedsuikerhuishouding
en ontstekingswaarden waarschijnlijk een rol in dit proces.
In Hoofdstuk 4 hebben we een systematische literatuurreview en meta-analyse uitgevoerd
om de juistheid en betrouwbaarheid van vragenlijsten over zitgedrag te bepalen. Er waren
zowel grote verschillen in de eigenschappen van de vragenlijsten als in de kwaliteit van
de studies die de juistheid van vragenlijsten onderzochten. Daarnaast zagen we een grote
spreiding in de juistheid van de vragenlijsten, variërend van slecht tot uitstekend, met een
betere juistheid voor dagelijkse vragenlijsten in vergelijking met eenmalige vragenlijsten.
De betrouwbaarheid van alle vragenlijsten was voldoende tot goed. Deze bevindingen
suggereren dat dagelijkse vragenlijsten het meest geschikt zijn als subjectieve meting van
zitgedrag, terwijl eenmalige vragenlijsten gebruikt kunnen worden in studies met een groot
aantal deelnemers of wanneer de tijdsduur voor het uitvoeren van de metingen beperkt is.
In Hoofdstuk 5 hebben we fysieke activiteit en zitgedrag bij ouderen met en zonder
dementie onderzocht. Hiervoor droegen deze ouderen een week lang een beweegmeter.
De resultaten lieten zien dat ouderen met dementie meer zitten, langer aan één stuk
zitten en minder bewegen dan hun leeftijdsgenoten zonder dementie. Dit is een klinisch
relevante bevinding, aangezien veel zitten samenhangt met een hoger risico op hart- en
vaatziekten en cognitieve achteruitgang. Onze resultaten suggereren dat minder zitten en
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het voorkomen van langdurige zitperiodes door regelmatig op te staan potentiële doelen
kunnen zijn voor nieuwe leefstijlinterventies bij mensen met dementie.
In Hoofdstuk 6 hebben we objectief patronen van fysieke activiteit bij vier verschillende
groepen bepaald: 1) mensen met type 2 diabetes met insulinetherapie, 2) mensen met type
2 diabetes zonder insulinetherapie, 3) controles met een vergelijkbaar gewicht als de mensen
met type 2 diabetes en 4) controles zonder overgewicht. De resultaten van de vier groepen
lieten zien dat mensen met type 2 diabetes meer tijd zittend doorbrengen dan de mensen
zonder diabetes. De mensen met type 2 diabetes die nog geen insulinetherapie gebruikten,
startten hier vervolgens wel mee. In de volgende 12 maanden zagen we een relatie tussen
de stijging in zittijd en de gewichtstoename na het starten met de insulinetherapie bij de
mensen die geen obesitas hadden. Deze resultaten suggereren dat een toename in zittijd
kan bijdragen aan de toename van het gewicht na de start met insulinetherapie. Deze
resultaten benadrukken dat het meten van zittijd en daaruit voortvloeiende interventies van
belang kunnen zijn bij het managen van type 2 diabetes.
Hoofdstuk 7 beschrijft de resultaten van de interventiestudie naar de acute (drie uur) en
chronische (zestien weken) effecten van minder zitten. We hebben hiervoor de doorbloeding
en de vaatfunctie van de liesslagader en de middelste hersenslagader gemeten bij mensen
met een verhoogd risico op hart- en vaatziekten. We introduceren in deze studie een
nieuwe, praktisch haalbare en succesvolle interventie om de zittijd met ongeveer één uur
per dag te verminderen door meer te lopen en te staan. De afname in zittijd is gelinkt
aan een verbetering in de functionele en structurele eigenschappen van de vaatwand en
aan een verhoogde doorbloeding van de hersenen. Om meer mechanistisch inzicht te
krijgen, bekeken we ook de acute invloed van zitten. Een acute zitperiode zorgde voor een
verslechterde vaatfunctie en een daling in de doorbloeding van de hersenen. Deze nadelige
effecten zagen we niet terug wanneer het zitten ieder half uur werd doorbroken door
twee minuten wandelen. Ook na de zestien weken interventie onderzochten we het effect
van drie uur zitten, wat nog steeds hetzelfde nadelige effect had op de vaatfunctie en de
doorbloeding. Deze resultaten impliceren dat het haalbaar is om de zittijd over langere tijd
te verminderen en dat minder zitten een nieuwe aanpak kan zijn om de doorbloeding en
het functioneren van de bloedvaten te verbeteren.
In Hoofdstuk 8 hebben we onderzocht of minder zitten en meer bewegen zorgt voor een
verandering in de eigenschappen van monocyten. Dit zijn cellen van het afweersysteem
die betrokken zijn bij het proces van aderverkalking. Na afloop van de minder zitten
interventie zagen we een lagere productiecapaciteit van stoffen die zorgen voor een
ontstekingsreactie, namelijk: IL-6, IL-8 en IL-10. We vonden een sterke, omgekeerde relatie
tussen de verandering in wandeltijd en de verandering in de productiecapaciteit van IL-1β,
IL-6, IL-8 en IL-10, dus ieder uur meer bewegen resulteert in een lagere productiecapaciteit
van stoffen die zorgen voor een ontstekingsreactie. Minder zitten lijkt te zorgen voor een
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verandering in de aangeboren afweerreactie naar een minder ontstekingsgerichte status.
Veranderingen op het niveau van de cellen van het aangeboren afweersysteem zouden dus
bij kunnen dragen aan het lagere risico op hart- en vaatziekten na minder zitten.

Conclusies
Hoofdstuk 9 is het laatste hoofdstuk van dit proefschrift en hierin hebben we de
belangrijkste bevindingen bediscussieerd. We concluderen dat zitgedrag veel voorkomt
in groepen met een hoger risico op hart- en vaatziekten en dat mensen hun zitgedrag
zelf vaak onderschatten. Daarnaast hebben we een interventie ontwikkeld waarmee we
de zittijd effectief hebben verminderd. De mogelijke voordelen van minder zitten zijn
een verbeterde vaatfunctie, een hogere doorbloeding en een minder ontstekingsgerichte
afweerreactie. Deze mogelijke voordelen zouden allemaal kunnen bijdragen aan een lager
risico op hart- en vaatziekten. De conclusie is dat het verminderen van zittijd en het promoten
van laag-intensieve activiteiten zoals lopen en wandelen een innovatief en veelbelovend
aangrijpingspunt is om het risico op hart- en vaatziekten te verminderen.
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Data management

All data used within this thesis are collected and stored according to the Findable, Accessible,
Interoperable and Reusable (FAIR) principles (1). Appropriate data management is important
for knowledge discovery, innovation, scientific integrity and preservation and reuse of data
sets. Raw and processed data have been stored mostly in Castoredc, in which an audit trail was
used to document activities that have affected original data. Moreover, some measurements
automatically generated encoded Microsoft Excel data files. All data files are stored at the
local server of the Radboudumc, which is backed-up on daily basis to prevent data loss.
This thesis is primarily based on results of human studies, which were conducted in accordance
with the principles of the Declaration of Helsinki. All study protocols, including data
management plans, were approved by a local Medical Ethics Committee. Study participants
were well informed about the study by information letters and, if needed, additional oral
information. All individuals provided written informed consent prior to participation. All
study procedures were monitored by an independent researcher according to the protocol
compiled by the departments of Physiology and Intensive Care of the Radboudumc. Privacy
of subjects was ensured by anonymizing collected study data using a unique and untraceable
individual subject code, which is only available for selected members of the research team.
This subject code is used in all case report forms and data files, which allows us to share the
data if necessary. Raw and processed data sets are stored at the department of Physiology
and are available for further analyses for at least 15 years upon completion of the study.
To ensure that data is generally accessible and interoperable, all file names and data used
to produce the final results were documented using applicable language for knowledge
representation. Furthermore, all data generated and analysed in this thesis is available on
request from the associated corresponding authors.

Reference
1. Wilkinson M.D., Dumontier M., Aalbersberg I.J., Appleton G., Axton M., Baak A., et
al. The FAIR Guiding Principles for scientific data management and stewardship. Sci Data.
2016;3:160018.
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Het zit er op. “Time flies when you’re having fun” en dat is in dit geval zeker waar. Vier
jaar hard werken, maar ook vier leuke en leerzame jaren waarin ik veel mensen heb leren
kennen en met veel verschillende mensen heb mogen samenwerken. Ik wil dan ook graag
iedereen bedanken die direct of indirect aan mijn promotietraject heeft bijgedragen!
Ik wil graag beginnen met het bedanken van alle deelnemers aan de studies die beschreven
zijn in dit proefschrift. Zonder jullie betrokkenheid had dit onderzoek niet uitgevoerd kunnen
worden. Daarnaast hebben jullie me met de vele bijzondere gesprekken echt kunnen raken.
Ook waardeer ik de door jullie gegeven feedback op de ‘minder zitten interventie’ zeer
en hebben we mede door jullie inbreng hier zo’n mooi resultaat mee kunnen behalen.
Ontzettend bedankt!
Dan kom ik bij de mensen die mij begeleid hebben bij dit traject. Als eerste komt
natuurlijk Dick. Tijdens mijn stage bij de fysiologie leerde ik je kennen als een gedreven
onderzoeker. Samen hebben we de fundering neergezet voor het projectvoorstel waar
uiteindelijk mijn promotietraject uit voortkwam. In het praatje bij mijn afstuderen vergeleek
je jezelf gekscherend met een tovenaar. Ik kan je hier geen ongelijk in geven! Soms leek
het alsof jij al eerder dan ikzelf wist tegen welke problemen ik aan ging lopen. Hierbij wist
je vaak precies goed aan te voelen wanneer ik wat extra hulp nodig had. Jij hebt er altijd
vertrouwen in gehad dat ik mijn project goed en op tijd ging afronden. Hier heb je gelukkig
helemaal gelijk in gekregen! Ik heb er bewondering voor hoe jij altijd alle ballen in de lucht
weet te houden, zowel in Nijmegen als in Liverpool. Bedankt voor je inzichten en de fijne
gesprekken. Ik hoop dat we nog aan vele projecten succesvol zullen samenwerken.
Maria, door jouw enthousiasme en charisma weet je iedereen te overtuigen van het belang
van ons onderzoek. Daarnaast kun je ontzettend snel schakelen tussen onderwerpen. Je
kritische houding en eerlijkheid dragen bij aan de goede en open sfeer op de afdeling. In het
begin van mijn PhD twijfelde je soms nog aan het belang van minder zitten als je daarnaast
genoeg sport. Toch ben jij ook omgegaan en kan ik me niet meer anders herinneren dan
dat er staand overlegd wordt op jouw kamer. Ondanks je drukke agenda, staat je deur altijd
open voor een vraag. Bedankt voor alle leerzame momenten.
Cees, tijdens onze eerste afspraak zette je mij meteen voor het blok en vroeg je me waarom
ik eigenlijk een PhD-positie had verdiend. Gelukkig kon ik je overtuigen en heb ik je hierna
leren kennen als een vriendelijke en betrokken arts en onderzoeker. Vooral je out-of-the-box
denken en het aan elkaar linken van verschillende onderwerpen hebben me veel geleerd. Zo
heb je me een aantal keer geïntroduceerd aan mensen met een soortgelijke interesse. Dit
heeft mooie (onderzoeks-)resultaten opgeleverd, met hoofdstuk 6 van dit proefschrift als
hoogtepunt. Bedankt voor de fijne samenwerking.
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Peter, jou ken ik het langst van het hele begeleidingsteam. Inmiddels ben je met pensioen,
maar nog steeds lees je enthousiast de artikelen die ik je toestuur en voorzie je ze uitgebreid
van feedback. Door jouw betrokkenheid ben ik ook tijdens mijn PhD weer op het lab van
biochemie beland. Dit zorgde voor een erg aangename afwisseling tussen labwerk en het
werken met proefpersonen. Ook heeft jouw ‘lekenblik’, zoals je dit soms zelf noemt, er voor
gezorgd dat je precies die stukken uit een artikel wist te halen waar het verhaal nog wat
duidelijker neergezet kon worden. Dank voor al je positieve input!
Terug naar de collega’s en dan starten we natuurlijk met mijn paranimf, Hugo. Op het werk
was je bijna vier jaar lang mijn buurman en ook thuis scheelt dit niet veel. Vele gezellige
fietstochten hebben we samen gemaakt tussen het Radboudumc en de Grote Boel. Wat
hebben we veel gepraat en gelachen op de weg naar huis. Al zijn we het over voetbal nog
steeds niet eens... Op het werk sta je voor iedereen klaar om te helpen, ondanks de drukte
van je eigen onderzoek. Je rust en gestructureerde manier van werken hadden altijd een
positieve invloed op me. Het is dan ook niet voor niks dat jij vandaag mijn paranimf bent.
Ook weet je vaak kritische vragen te stellen, soms alleen maar met het doel om mij op de
kast te jagen (en wat je helaas voor mij ook vaak lukt). Veel succes met het voorbereiden van
je eigen promotie! Vincent, “Dream big, Work hard, Go to the SQL” staat met grote letters
boven je bureau geschreven en dit maak je zelf ook waar. Hard werken is iets wat je zeker
doet en dit levert je veel successen op. Deze successen kunnen we dan vervolgens weer
vieren tijdens de vrijdagmiddagborrel. Tijdens de lunchpauze probeer je gelukkig, ondanks
je drukke agenda, altijd tijd te maken voor onze lunchwandeling. Het was me een genoegen
om 4,5 jaar een kamer te delen! Eline, mijn nieuwste kamergenoot. Leuk en gezellig dat
je het afgelopen halfjaar bij ons op de kamer bent ingetrokken! Ik vind het knap hoe je je
opleiding tot huisarts weet te combineren met een erg mooi en gestructureerd onderzoek.
Esmée, samen we hebben we een mooi review geschreven. Naast de goede samenwerking
was het ook zeker fijn om soms de frustraties hierover (lees: weer een nieuwe literatuur
search) te delen. Jij weet precies wat je wilt en hoe je daar wilt komen. Succes met de
afronding van je proefschrift en de uitvoering van je toekomstplannen! Lisa, samen hebben
we heel wat echo onderwijs mogen geven. Jij laat je niet snel gek maken en weet goed je
rust te bewaren. Je hebt een mooie studie uitgevoerd over de interactie tussen voeding en
veel zitten. Ik ben benieuwd naar de rest van je proefschrift! Yannick, jij werkt aan een
super interessant en leuk project met de olympische atleten die naar Tokio gaan. Het is mooi
om te zien met hoe veel enthousiasme je hiermee bezig bent!
Malou, voor mijn gevoel zit je al járen op de afdeling. Als ‘Queen of the cave’ zal ik jou
natuurlijk eerst noemen voordat ik je kamergenoten noem. De extra stoel op jullie kamer
staat altijd klaar om even in te ploffen (al is het dan wel lastig om weer weg te gaan!). Je
weet je onderzoek goed te structureren en je weet goed wat je wilt. Ik heb er dan ook
alle vertrouwen in dat het goed komt met jouw proefschrift! Thijs Landman, allereerst
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bedankt voor het regelmatig oppompen van de banden van de steps. Dit scheelde me flink
wat reistijd naar de geriatrie. Ook je droge humor en typische Landman‑opmerkingen in de
pauze zorgden voor een goede onderbreking van mijn dag. Veel succes nog met je project,
we zullen zien of de Chinese onderzoekers gelijk hebben over IPC! Geert, jij hebt een mooi
project dat je gedeeltelijk in Liverpool uitvoert. Het is mooi om te zien hoe enthousiast je
kunt vertellen over je projecten en gedachtes. Bram, jij hebt je vol enthousiasme op een
project over minder zitten gestort, leuk dat jij ook hiermee aan de slag gaat! Hopelijk lukt
het jou ook om je deelnemers in beweging te krijgen!
Lando, ik vind het fantastisch om te zien hoe betrokken je bent bij zowel de deelnemers
aan je onderzoek als bij je cellen in het lab. Daarnaast zorg je vaak voor een kwinkslag op
de afdeling door je kritische en vooral eerlijke blik. Succes met je mooie projecten! Thijs
Vonk, met jou hebben we gelukkig weer iemand met verstand van ICT op de afdeling,
bedankt voor je hulp! Ik ben benieuwd hoe je project met e-Health gaat lopen! Cindy,
je zit vol met mooie opmerkingen en oneliners. Ik vind het knap hoe jij jezelf weet op te
splitsen tussen Maastricht, de HAN en het Radboudumc. Succes met het afronden! Jenske,
jou heb ik leren kennen als een vrolijke meid die altijd bereid is om even te helpen. Met jou
hebben we ook weer een hoop extra technische kennis aan boord op de afdeling. Leuk dat
je veel echometingen uitvoert en de CAR-test naar ‘the next level’ wilt brengen, succes!
Ralf, de volgende PhD van de Fysiologie die metingen gaat doen bij de geriatrie. Veel succes
en plezier met je mooie en uitdagende project! Merle, de nieuwste PhD-student van de
afdeling. Ik vind het erg leuk dat je bent begonnen op het Space2Move project en ik kijk
er naar uit om samen mooie onderzoeken uit te voeren! Femke en Laurien, jullie zijn de
nieuwste aanwinsten van de afdeling. Veel succes! Virginia and Daria, it was fun to work
together on our projects in the hemolab, to drink beers together in the Aesculaaf and even
to celebrate ‘Sinterklaas’!
Bregina, met jouw lach en enthousiasme, maar ook met je (technische) kennis, weet jij
de afdeling naar een hoger niveau te tillen. Bedankt voor de prachtige kaft van dit boek
en je hulp bij mijn metingen. Ook bedankt voor de goede adviezen en de fijne gesprekken
tussendoor. Ik zal proberen vaker koffiepauze met je te houden! Coen, rondom de 4Daagse
weet jij op iedere vraag het antwoord, zelfs op de vragen over waar de prullenbak en
nietmachine nu weer gebleven zijn… Je bent al jaren de thermo-expert van de afdeling en
dit is na je Australië ervaring alleen maar meer geworden. Ik had me ooit voorgenomen om
hier nog iets pakkends over Ajax/PSV neer te zetten. Gezien het afgelopen seizoen laat ik dit
voor nu maar even. Paul, wat waren we blij toen jij begon op onze afdeling en gelukkig zijn
we dat nog steeds. Je rustige manier van vertellen en je inhoudelijke kennis maken je een
inspirerende docent en fijne collega. Thijs Eijsvogels, met jou heb ik vooral samengewerkt
aan het onderwijs. Het enthousiasme waarmee je jouw onderzoek en onderwijs over sport/
bewegen combineert werkt aanstekelijk.
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Rebecca, jouw lach herken je uit duizenden. En met jou op de afdeling werd er net wat
vaker hard gelachen. Super hoe je je promotietraject met het ‘mama zijn’ en je specialisatie
weet te combineren! Dominique, je was jarenlang de vrolijke noot op de afdeling en altijd
in voor gezelligheid. Met jou erbij wisten we dat we nooit wijn zonder nootjes moesten
halen in de Aesculaaf! Je hebt me wegwijs gemaakt binnen Space2Move en hierna heb je
een erg mooie stap gemaakt naar FrieslandCampina. Wie weet kunnen we in de toekomst
samen een onderzoek uitvoeren! Anke, eerst was je mijn officieuze stagebegeleidster op
de afdeling en later werd je een zeer gewaardeerd collega. Jij hebt me vaak geholpen bij
het leren echoën en moeten toezien hoe ik er eerst niks van bakte. Gelukkig ben ik de kunst
later ook gaan beheersen. De vele tijd die we samen doorbrachten heeft er voor gezorgd
dat je vaak een luisterend oor voor me was. Bedankt voor alle leuke gesprekken, al dan
niet onder het genot van een kasteel Rouge! Martijn, als mede-Limburger op de afdeling
hadden we meteen een klik. Even meedenken over data-analyses was voor jou nooit een
probleem. Bedankt voor je input!
Silvie, bedankt voor je wijze woorden en je waardevolle input op mijn project. Joep,
bedankt voor de gezelligheid en de goede samenwerking binnen het Space2Move project.
Renée en Pascale, bedankt voor jullie hulp, de gezellige momenten en de bijna oneindige
hoeveelheid paaseitjes, pepernoten en kerstkransjes. Nathalie, Femke, ook al zijn we nooit
officieel collega’s geweest, jullie zorgden er wel voor dat ik me meteen thuis voelde op de
afdeling. Bedankt voor de leuke en goede gesprekken. Milène, Thessa, bedankt voor jullie
gezelligheid op de afdeling. Ook mijn collega’s van de andere onderzoeksgroep van de
fysiologie, ‘mijn collega’s uit de toren’, wil ik graag bedanken voor alle leuke borrels en
dagjes uit van de afgelopen jaren.
Carlijn, we hebben ruim een jaar in hetzelfde schuitje gezeten en als ik niet aan het meten
was in het hemolab, dan was jij dat zeker wel! Toch hebben wel elkaar niet het hok(je)
uitgejaagd en ik ben er erg trots op hoe we allebei onze studies af hebben kunnen ronden,
ondanks de vele meetdagen die we beiden nodig hadden. Daarnaast snapte jij als geen
ander de frustraties die het tcd-onderzoek met zich mee kon brengen. Bedankt voor de
fijne gesprekken! Esther, wat heb ik genoten van onze samenwerking aan de studie met
dementerende en gezonde ouderen! In korte tijd hebben we deze studie uitgevoerd en
opgeschreven. Ik vond het erg gezellig en leerzaam om samen met jou twee studenten te
begeleiden. Marit, ontzettend bedankt voor jouw bijdrage aan de ‘minder zitten studie’.
Hoe druk je het zelf ook had, je was altijd bereid om bloed te prikken of bij te springen als
er technische problemen waren. Daarnaast wist je met een kort praatje iedere proefpersoon
weer te laten ontspannen. Dankjewel! Ook wil ik graag de andere collega’s van de
geriatrie bedanken. Door alle metingen heb ik veel tijd bij jullie doorgebracht. Bedankt
voor de gezellige praatjes als ik weer eens binnen kwam vallen!
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Marlies, samen hebben we een unieke translationele studie uit kunnen voeren. Door onze
verschillende achtergronden vond ik het erg leuk en leerzaam om met je samen te werken
aan ons onderzoek. Ik ben trots op het mooie eindresultaat hiervan, ons artikel in JAHA.
Succes met je specialisatie!
Ik wil graag de RIHS PhD Council bedanken voor de mooie dingen die we tijdens onze
PhD samen hebben mogen organiseren. Het was een goede afwisseling met de dagelijkse
werkzaamheden om regelmatig samen een evenement te organiseren, met als jaarlijks
hoogtepunt natuurlijk de PhD Retreat. Bedankt voor de gezelligheid! Ook mijn nieuwe
collega’s van de Healthy Brain study wil ik bedanken voor hun betrokkenheid. In de
laatste fase van mijn PhD startte ik bij jullie op het project en ik kwam meteen in een warm
bad terecht. Bedankt voor het warme welkom en sorry dat ik mijn plantje zo verwaarloosd
heb.
Tijdens mijn promotie heb ik veel studenten mogen begeleiden. Bianca, Mies, Coco,
Laura, Jason, Sanne, Lisanne, Malou, Jamie, Lisa, Renske, Josephin, Maxime,
Renée, Maite, Astrid, Carlijn, Nick, Stijn, Simon, David en Kevin, bedankt voor jullie
enthousiasme en betrokkenheid. Dankzij jullie verliepen de meetdagen soepel en gezellig
en hebben zo veel deelnemers de studie succesvol afgerond. Ook heb ik erg genoten van
de teamborrels in de Aesculaaf als we weer een serie metingen hadden afgerond. Heel erg
bedankt en veel succes met jullie toekomstige carrières!
Naast de collega’s hebben ook mijn vrienden een bijdrage geleverd aan mijn promotietraject
door voor de nodige ontspanning tussendoor te zorgen. Vrienden uit Limburg, al woont
de helft daar al niet meer, de uitjes en etentjes zorgden voor een goede afleiding én een
hoop gezelligheid. Of we nu samen uiteten gaan, perudo of weerwolven spelen of schapen
gaan hoeden, het wordt sowieso lachen. Marjolein en Joop, onze vakantie naar Tanzania
was de perfecte ontspanning na het inleveren van mijn proefschrift en een super ervaring
om met jullie te delen. Marjolein, ik vind het erg fijn om je aan mijn zijde te hebben als mijn
paranimf.
Lotte, met jou is het altijd heerlijk bijpraten. Ook al zien we elkaar eigenlijk te weinig,
we zitten nog steeds op dezelfde golflengte. Bedankt voor alle gezelligheid! Aline, jou
heb ik tijdens mijn stage in Toronto mogen ontmoeten. Ik vind het super leuk dat we
hierna vriendinnen zijn gebleven en dat we regelmatig even bijpraten. Mijn vrienden van
Lacustris, het 21e bestuur, Silke en Merel, we schaatsen nu al jaren niet meer samen,
maar ik vind het super dat we nog regelmatig samen lunchen of spelletjes spelen. Laten we
snel weer een spelletjesavond plannen! De meiden van de Harde kern, samen begonnen
we met studeren in Nijmegen. We zien elkaar nu niet zo vaak meer, maar toch voelt het
iedere keer weer vertrouwd als we afspreken. Ik hoop dat we nog vele gezellige etentjes
hebben! Manon, Krissie, Marika, Anke, Ellen, we zijn ongeveer gelijktijdig met een PhD
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gestart. Ik vond het gezellig om bij te praten (en soms typische PhD-frustratie te delen) in
de Aesculaaf!
Mijn schoonfamilie, Mieke en Kees, bedankt voor alle gezelligheid en de betrokkenheid
bij mijn onderzoek. Ook mijn familie wil ik bedanken voor de interesse in mijn onderzoek.
In het bijzonder opa en oma, bedankt voor de belangstelling waarmee jullie mijn onderzoek
al die tijd gevolgd hebben. Milou en Nicole, mijn zusjes, als we samen thuis zijn is het
ouderwets gezellig. Kletsen en lachen om niks, of juist onze problemen en twijfels delen,
met jullie kan het allebei. Milou en Tom ik wens jullie veel geluk in Deurne! Nicole, heel veel
succes met de laatste loodjes van je studie!
Lieve pap en mam, bedankt voor jullie steun en vertrouwen. Jullie staan altijd voor me klaar
en hebben me geleerd om hard te werken en vertrouwen te hebben in mezelf. Ondanks
jullie eigen drukte met (het stoppen met) het bedrijf en het verhuizen wisten jullie altijd tijd
vrij te maken. Dank jullie wel hiervoor en geniet van de verdiende rustigere tijden!
Lieve Tom, bij jou kan ik altijd terecht. Bedankt voor je steun, rust, vertrouwen en de
oneindige hoeveelheid knuffels die ik krijg als het even tegen zit. Je weet alles goed voor me
te relativeren en laat je niet gek maken door mij… en ik weet dat dit niet altijd gemakkelijk
is. Door jouw ontspannen houding weet je bijna altijd weer een lach op mijn gezicht te
toveren. Ik ben heel blij dat ik alles in mijn leven met jou mag delen. Bedankt dat je er altijd
voor me bent!
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Curriculum Vitae

Yvonne Hartman werd op 11 juli 1991 geboren te Weert. Na haar middelbareschoolperiode
aan de Scholengemeenschap Sint Ursula in Horn, begon ze in 2009 met de opleiding
Biomedische Wetenschappen aan de Radboud Universiteit te Nijmegen. Tijdens de
masterfase van deze studie heeft ze zich gericht op Human Pathobiology en Human
Movement Sciences met zowel het onderzoeks- als consultancyprofiel. Yvonne heeft tijdens
haar studie verschillende stages gelopen. Ze begon bij de afdeling Kindergeneeskunde en
Infectieziekten met haar eerste onderzoeksstage voordat ze naar het Laboratory of Medicine
and Pathobiology van de University of Toronto ging. Hierna liep ze stages bij de afdelingen
Biochemie en REshape in het Radboudumc. Haar laatste stage liep Yvonne bij de afdeling
Fysiologie, waar ze begeleid werd door prof. dr. Dick Thijssen. Deze stage ging over de
reproduceerbaarheid van een nieuwe vaatfunctietest om het risico op hart- en vaatziekten te
meten. Naast haar stage heeft Yvonne deelgenomen aan de Radboudumc PhD-competitie
waarvoor ze, onder supervisie van prof. dr. Dick Thijssen, prof. dr. Maria Hopman, prof. dr.
Cees Tack en dr. Peter Willems een onderzoeksvoorstel heeft geschreven, gepresenteerd
en verdedigd. Via deze competitie is haar een persoonlijke PhD-subsidie toegekend waarop
ze de afgelopen jaren haar promotieonderzoek heeft kunnen uitvoeren. Haar promotie
was gericht op het in kaart brengen van de tijd die risicogroepen zittend doorbrengen en
de cardiovasculaire risico’s die hiermee samenhangen. Ook heeft ze een ‘minder zitten’
interventie ontwikkeld en heeft ze onderzocht hoe minder zitten resulteert in veranderingen
in de perifere en cerebrale vaatfunctie. Tijdens haar periode als promovendus presenteerde
zij haar bevindingen op verschillende nationale en internationale bijeenkomsten. Verder
heeft ze meerdere studenten begeleid bij hun wetenschappelijke stage. Daarnaast heeft
Yvonne deel uitgemaakt van de RIHS PhD Council. Momenteel werkt Yvonne als postdoc
onderzoeker bij de afdeling Fysiologie, waar ze betrokken is bij verschillende projecten
gericht op fysieke (in)activiteit en/of cardiovasculair risico.
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Name PhD candidate: Y.A.W. Hartman
Department: Physiology
Graduate School: Radboud Institute for Health Sciences

PhD period: 07-09-2015 – 06-09-2019
Promotor(s): prof. dr. D.H.J. Thijssen,
prof. dr. M.T.E. Hopman, prof. dr. C.J. Tack
Co-promotor(s): dr. P.H.G.M. Willems
Year(s)
ECTS

TRAINING ACTIVITIES
a) Courses & Workshops
-- Solliciteren en Netwerken
-- Loopbaan Management voor Promovendi
-- Analytic storytelling
-- Education in a Nutshell
-- Scientific Integrity
-- Management voor Promovendi
-- Liverpool John Moores University Vascular sonography
summerschool
-- BROK (basic course regulations and organization for clinical
researchers
-- Radboud Institute for Health Sciences Introduction course for
PhD students
-- Introduction day Radboudumc
b) Seminars & lectures
-Radboud Research Rounds
-Prof. James Skinner (Lecture: The influence of genetic factors on
training and health)
-Prof. Duck-Chul Lee (Lecture: Health benefits of physical activity
& fitness: what type of physical activity is best for health?)
-Prof. Bo Fernhall (Lecture: Inflammation, exercise and arterial
function)
c) Symposia & congresses
-European College of Sport Science, Praag (oral)
-RIHS PhD Retreat, Den Bosch
-Artery, Guimarães (poster)
-ISPAH Conference, Sedentary Behaviour Mechanisms Satellite,
Cambridge
-Radboudumc Voeding en bewegen dag, Nijmegen (oral)
-RIHS PhD Retreat, Den Bosch
-American College of Sports Medicine, Denver (poster)
-European College of Sport Science, Essen (oral)
-RIHS PhD Retreat, Wageningen
-Radboud Into Frontiers (poster)
-Dutch Physiology days, Groningen
d) Other
-Review scientific publications (3x)
-Second assessor of internships reports of BSc students (2x)
-RIHS PhD Council – Workshop and Retreat committee
-Vascular damage theme meetings
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TEACHING ACTIVITIES
e) Lecturing
-Student education at the department of Physiology
-Moving questions (practica en werkgroepen)
-Vascular function to vascular failure (Lc, practica, werkgroep)
-Clinical Exercise Physiology (Lc, practica)
-Healthy vs neurodegenerative brain aging (werkgroep)
-Echo practica demo
-Metabolic syndrome vs Renal horsepower (Lc)
-Mentor innovatieprojecten tweedejaars studenten BMS
-Belasting en belastbaarheid (practica, werkgroepen)
-Meet your PhD (begeleiden van 6 eerstejaars studenten BMS)
-Determinanten 3: Fysische factoren (werkgroep)
f) Supervision of internships / other
-Kevin Nijssen, master BMS (Acute and long-term reduction of
sedentary behavior improves cerebral perfusion in subjects with
increased cardiovascular risk)
-David Benschop, master BMS (Changes in cerebrovascular flow and
function after a reduced sitting intervention of 16 weeks)
-Simon Crox, master GNK (Stop being a sitting duck for
cardiovascular disease: Effect of long-term reduced sitting)
-Stijn Donker, Honours student (Vascular adaptations in response to
different exercise modalities: Is there an athletes artery?
-Nick Kalf, master BMS (effects of a 4-months reduced sitting
intervention on inflammatory markers and arterial stiffness in
persons with increased risk for cardiovascular diseases)
-Carlijn Swinkels, master GNK (Effect of prolonged sitting on
endothelial function in subjects with an increased risk for
cardiovascular disease)
-Astrid Hermans, master BMS (Acute and long term effects of
breaking up prolonged sitting on cerebral autoregulation in elderly
with increased cardiovascular risk)
-Maite Janssens, master GNK (The influence of prolonged sitting on
baroreflex sensitivity)
-Renée Smets, bachelor BMS (The effect of sedentary behaviour on
brain perfusion)
-Maxime van Erp, bachelor BMS (The effect of a new reduced sitting
intervention (Activ8) on sedentary behaviour characteristics in
subjects with an increased cardiovascular ris)
-Josephin Zielmann, bachelor medische biologie (Validation of the
Activ8 physical activity monitor when using inside the trouser
pocket)
-Renske van Bergen, master medische biologie (The effects of a
four-month reduced sitting intervention on inflammatory cell
subtypes and their mitochondrial activity)
-Lisa Koers, master GNK (Changes in vascular function after reduced
sitting)
-Jamie Körnmann, master GNK (Is cardiac baroreflex sensitivity
decreased by 3 hours of uninterrupted sitting and does interrupting
sitting behaviour ameliorate this effect?)
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Malou Bach, master GNK (The impact of baseline characteristics
on vascular function after three hours sitting)
Lisanne van Diepen, master GNK (Dementia patients are more
sedentary and less physically active than cognitive healthy older
adults)
Sanne Huisman, master Sport- en Beweeginnovatie (De
invloed van het gebruik van de Fitbit® activity tracker op het
energieverbruik bij patiënten met diabetes type 2)
Jason Schreurs, master BMS (The effect of short breaks during
prolonged sitting on the cerebral perfusion)
Laura Tillmans, bachelor BMS (Effect of prolonged sitting and
breaks in sitting time on endothelial function in subjects with
increased cardiovascular risk)
Coco Becu, master GNK (The sedentary behaviour of older adults
with dementia is alarmingly high)
Mies van Bergen, bachelor BMS (Reduced sitting intervention to
decrease total sitting time in overweight subjects: an explorative
study)
Bianca Vonk, master GNK (Explorative study to investigate the
effect of a reduced sitting intervention on total sitting time)
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Uitnodiging
voor het bijwonen van de
openbare verdediging van
mijn proefschrift
Sedentary behaviour in
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understanding the prevalence,
importance and mechanisms

op vrijdag 18 september om
10:30 uur in de aula van
de Radboud Universiteit,
Comeniuslaan 2 te Nijmegen.
U bent van harte welkom
bij deze plechtigheid en de
aansluitende receptie.
Yvonne Hartman
yvonnehartman@live.nl
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