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Physical activity and health
The benefits of regular physical activity have been known for many centuries. In his book
‘Regimen in Health’, Hippocrates (460-377 BC) wrote: “If we could give every individual
the right amount of nourishment and exercise, not too little and not too much, we would
have found the safest way to health”.1 Hippocrates was not the first to promote sufficient
physical activity, physicians in India and China already prescribed physical activity to
patients with rheumatoid arthritis and diabetes.2 Nevertheless, the modern history of
physical activity epidemiology is much shorter. In the late 1940s, Dr. Morris and colleagues3
began to study the association between occupational physical activity and coronary heart
disease in employees of the London Transport. They followed 31,000 men, aged 35 to
64, over time and compared the incidence of coronary heart disease between conductors
and bus drivers. A key difference between these groups was their physical activity pattern
at work, conductors being physically active and bus drivers sitting all day. Interestingly,
conductors had less coronary heart disease compared to drivers (average annual rate per
1000: 1.9 versus 2.7, respectively). In addition, after an episode of coronary heart disease,
the average death rate was lower in conductors (0.6 per 1000) than in drivers (1.3 per
1000). Following the study of Dr. Morris, several other landmark studies supported the
relationship between physical activity, cardiovascular disease (CVD) and mortality such
as the Havard Alumni study4, San Francisco Longshoremen Study5, Framingham Heart
Study6, Tecumseh Community Health Study7, and Aerobics Center Longitudinal Study8.
In the past decades, the human population has become more inactive due to
automation, motorized transport, and more desk work. Large cohort studies9, 10 showed
that insufficient physical activity contributes to many chronic diseases such as coronary
heart disease, breast cancer, colon cancer, type 2 diabetes and dementia, whereas the
population attributable fraction (i.e. proportion of new cases that would not occur in the
absence of a risk factor) ranges between 4 to 10%. Therefore, the World Health Organization
(WHO)11 declared physical inactivity as fourth most important global risk factor of mortality
after high blood pressure, tobacco use and high blood glucose. To overcome the negative
effects of physical inactivity, governments of many countries and the WHO developed
physical activity guidelines recommending a certain amount of physical activity per week.
The most recent Physical Activity Guidelines have been developed by the US government
in 2018 (Figure 1)12. Guidelines differ slightly between adults (18-64 years) and older adults
(≥ 65 years).
Guidelines of other countries and the WHO are very similar. Despite the effort of
governments and the WHO, only a small part of the world population adheres to the
physical activity guidelines (Figure 2)13. The prevalence of individuals who do not meet the
physical activity guidelines for aerobic activities is higher in women compared to men. In
addition, the United States, countries in South America, North Africa and the Middle East
have a higher prevalence of individuals who do not meet the physical activity guidelines for
aerobic activities compared to other countries in the world.
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Figure 1 | The Physical Activity Guidelines for adults and older adults.

A

B

Figure 2 | Country prevalence of men (A) and women (B) who do not meet the physical activity
guidelines for aerobic activities in 2016. Reprinted with permission from Guthold et al.13
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Concept of physical activity
Physical activities can be described in four dimensions: 1) type or mode of activity, 2)
frequency, 3) duration, and 4) intensity of performing activity. Specific activities (i.e. type)
are activities such as walking, cycling or gardening. The mode of the activity describes
the context of physiological and biomechanical demands (e.g. aerobic versus anaerobic,
resistance or strength training, balance and stability training). As suggested by the physical
activity guidelines, one could make a distinction between aerobic and muscle-strengthening
(i.e. resistance) activities. Aerobic activities are defined as physical activities that use large
muscle groups continuously and rhythmically, such as brisk walking or cycling. Resistance
activities are repeated bouts of isolated muscle groups to stimulate muscle strength and
growth. Other definitions important for this thesis are described in Table 1.
Table 1 | Key definitions important for this thesis
Aerobic activities

Physical activities that use large muscle groups continuously and
rhythmically, such as brisk walking or cycling

Exercise

A planned, structured and repetitive form of physical activities

Physical activity

Any bodily movement produced by skeletal muscles that results in energy
expenditure

Physically inactive or
insufficiently active

Individuals who do not adhere to the physical activity guidelines for
aerobic activities (the absence of sufficient moderate-to-vigorous physical
activity)

Resistance activities

Repeated bouts of isolated muscle groups to stimulate muscle strength
and growth

Sedentary behaviour

Any waking behaviour in a sitting, reclining or lying posture with an energy
expenditure below 1.5 MET

The intensity is an indicator of metabolic demand and is commonly quantified in energy
expenditure defined as kilocalories (kcal) or by Metabolic Equivalent of Task (MET) values.
One MET is equal to the resting energy expenditure (3.5 mL of oxygen/ kg/minute) and can
be converted to kilocalories (1 MET=1 kcal/kg/h).14 For example, walking has an average
MET-value of 4, meaning the metabolic demand of walking is 4 fold that of a person in
resting state. Activities with a light intensity have a MET-value between 1.5 – 2.9, moderate
between 3 – 5.9, and vigorous ≥ 6. Examples of MET-values for different activities are
shown in Figure 3.
To examine the effect of physical activity on health, all physical activities need to
be summarized into one outcome. Most commonly used outcomes are physical activity–
related energy expenditure per day or week, or MET-minutes per day or week. Total METminutes per day can be calculated by multiplying the intensity (e.g. 3 METs), duration (e.g.
30 minutes), and frequency (e.g. 2 times/day), resulting in 3 x 30 x 2 =180 MET-minutes.
Using MET-values, different physical activities can be combined to reach the physical
activity guidelines (i.e. 500-1000 MET-minutes/week).
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Figure 3 | Physical activities at different intensities. MET=Metabolic Equivalent of Tasks.

Physical activity as key component to improve health
Primary prevention
After the study of Morris et al.3, many epidemiological studies reinforced the inverse
association between physical activity and mortality. For example, Wen et al.15 (n=416,175)
revealed that only 15 minutes of physical activity per day was associated with a 14%
reduction in all-cause mortality (hazard ratio [HR] 0.86; 95%CI 0.81-0.91). Every additional 15
minutes of physical activity (up to 100 minutes/day) further reduced all-cause mortality with
4% (95%CI 3%-7%). When physical activity was performed at a vigorous intensity, the health
benefits were even larger compared to moderate-intensity with a similar duration (Figure 4).

Figure 4 | Daily physical activity duration and all-cause mortality reduction. Reprinted with permission
from Wen et al. 15
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Other studies found similar dose-response associations between physical activity and
cardiovascular mortality. Arem et al.16 pooled data of 6 cohorts (n=661,137) and found
that any level of physical activity was associated with a significantly lower risk of mortality.
Physical activity volumes lower than the recommended physical activity guidelines (i.e. 225
to 450 MET-minutes/week) resulted in a 20% lower risk of mortality (HR 0.80; 95%CI 0.780.82) compared to inactive individuals. The inverse association was stronger when physical
activity was performed at 1-2 times the recommendations (HR 0.69; 95% CI 0.67-0.70) and
2-3 times the recommendations (HR 0.63; 95% CI 0.62-0.65). Further reductions in mortality
were present for higher physical activity volumes (HR for 3-5 times the recommendations:
0.61 [95% CI, 0.59-0.62]; and 5-10 times the recommendations: 0.61 [95% CI, 0.58-0.64]),
but the additional benefits were smaller. Based on these results, the association between
physical activity and mortality is most frequently described as a curvilinear relationship
(Figure 5).17

Figure 5 | The schematic dose-response relationship of physical activity and mortality. Low physical
activity is associated with the highest risk for mortality, whereas high volumes of physical activity are
associated with the lowest risk. The dose-response curve could be described as curvilinear, because a
change in physical activity from inactive to a mild or moderately active provides a relatively large risk
reduction (Δ), whereas further increases in physical activity produce smaller risk reductions.
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To strengthen the evidence for the associations between physical activity and health,
researchers have studied whether changes in physical activity could improve health. For
example, a cohort study18 in runners examined the effect of changes in running behaviour
on cardiovascular mortality and all-cause mortality. They showed that runners who became
non-runners, non-runners who became runners, and runners who remained runners were
more likely to have lower mortality risk compared with never-runners. Persistent runners
had the most significant mortality benefit, with 29% and 50% lower risk of all-cause and
CVD mortality, respectively. This suggests again that physical activity is associated with
improvements in health outcome, even in those who have stopped (or were forced to stop)
running.
An important limitation of epidemiological studies assessing the relationship between
physical activity and mortality is their observational nature and the inability to prove causality.
Up to now, no randomized clinical trial has been published that studied the association
between physical activity and mortality for primary prevention, because a randomized trial
would require participants to follow an exercise regimen for years, and would deny the
control group the health benefits of physical activity. However, many randomized clinical
trials have been performed examining the relationship between exercise and cardiovascular
risk factors. These studies showed that exercise can be utilized to improve cholesterol
levels19, blood pressure20, 21, glycaemic control22 and body composition23. Nevertheless,
the beneficial effect of physical activity could not be fully explained by improvements in
traditional risk factors, since research suggests that approximately 59% of the benefits are
attributed to favourable changes in traditional risk factors.24
Current physical activity guidelines make a distinction between aerobic and resistance
(i.e. muscle-strengthening) activities. The benefits of aerobic activities are well-established,
whereas the effect of resistance activities on health has been investigated less. Some studies
investigated the separate health effects of aerobic and resistance exercise. In general,
studies showed that aerobic exercise is important to improve cardiorespiratory fitness,
which is strongly associated with mortality8, 25. On the other hand, resistance exercises
have an important influence on resting metabolic rate and the skeletal muscle, which is
important for the glucose and triglyceride disposal.26 Therefore, aerobic and resistance
exercise can potentially improve cardiovascular risk factors differently and separately from
each other, which is summarized in Table 2. The number of large population-based studies
examining the dose-response relationship between resistance exercise and health benefits
is very low, and therefore, this relationship is still largely unknown.
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Table 2 | Effects of aerobic and resistance training on health and fitness variables.
Aerobic Exercise

Resistance Exercise

↑

↑↑↑

Body composition
Fat mass
Muscle mass

↓↓
↔

↓
↑↑

Strength

↔

↑↑↑

Glucose metabolism
Insulin response to glucose challenge
Basal insulin levels
Insulin sensitivity

↓↓
↓
↑↑

↓↓
↓
↑↑

Serum lipids
High-density lipoprotein
Low-density lipoprotein

↑↔
↓↔

↑↔

Resting heart rate

↓↓

↔

Blood pressure at rest
Systolic
Diastolic

↓↓
↓↓

↓
↓

↑↑↑

↑↑

↑

↑↑

Bone mineral density

Physical endurance
Basal metabolism

↓↔

↑ indicates increased; ↓ decreased; and ↔ negligible effect. Adapted from Braith et al.26

Secondary prevention
Unfortunately, Morris et al.3 did not follow the drivers and conductors after their
cardiovascular event. It would be interesting to examine if drivers would benefit from
changing their job to being a conductor following an event, as this would increase their
habitual physical activity levels. Currently, only a few cohort studies examined the effect
of physical activity on mortality in CVD patients. Some studies found a linear association
suggesting that more physical activity resulted in a lower all-cause mortality.27, 28 Others
found a reverse J-shaped association or even a U-shaped association suggesting no
additional or even attenuated benefits with higher volumes of physical activity.29-32 Since
most CVD patients are physically inactive33, improvement of physical activity and exercise
are key components in the management of patients with CVD. For example, guidelines
of the European Society of Cardiology recommend patients with stable coronary artery
disease to perform moderate-to-vigorous intensity aerobic exercise training ≥3 times a
week for 30 min per session.34, 35 Similarly, the American College of Cardiology Foundation
and American Heart Association encourage patients with stable ischemic heart disease
to perform 30–60 min of moderate-intensity aerobic activity at least 5 days and preferably
7 days per week.36 As such, exercise training is an important part of cardiac rehabilitation.
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In contrast to studies performed in healthy individuals, randomized clinical trials examining
the benefits of exercise on mortality have been performed in CVD patients. A Cochrane
review37 including 63 randomized clinical trials in patients with coronary heart disease
showed that exercise-based cardiac rehabilitation reduced cardiovascular mortality
compared with no exercise (risk ratio 0.74 [95% CI 0.64-0.86). There was no reduction in allcause mortality after exercise-based cardiac rehabilitation (risk ratio 0.96 [95% CI 0.88-1.04]).

Sedentary behaviour: A new risk factor?
Primary prevention
In addition to the positive health effects of physical activity, emerging evidence of the past
decade reveals several negative health effects associated with sedentary behaviour.38-41
Sedentary behaviour is defined as any activity during awake time with an energy expenditure
≤1.5 METs (i.e. sitting or activities in reclining posture).42, 43 It is important to mention that
there is a distinction between sedentary behaviour and physical inactivity, which is defined
as the absence of sufficient moderate-to-vigorous physical activity. Therefore, physical
(in)activity and sedentary behaviour are two unique types of behaviour and can both
be intervened upon. When we look back to the study of Morris et al.3, the authors were
focused on the physical activity of the conductors, but another important (unmeasured)
behaviour was the sedentariness of the drivers.
Large epidemiological studies found strong associations between daily sitting time
and cardiovascular health and mortality, independent of physical activity. One of the first
population studies (n=17,013) showed that higher levels of sitting time were progressively
associated with higher risk of mortality from all causes (P for trend <0.0001) and CVD (P
for trend <0.0001)44. Other meta-analyses and systematic reviews supported these results.
Biswas et al.45 reported HRs of 1.24 (95%CI 1.09-1.41) for all-cause mortality, 1.18 for
CVD mortality (95%CI 1.11-1.26), and 1.14 for CVD incidence (95%CI 1.002-1.73]) when
comparing high versus low sedentary time. A meta-analysis examining the continuous
dose-response association between sedentary time and risk for CVD found a non-linear
association with a nonsignificant increase at 6.8 hours/day (HR 1.01 [95%CI 0.95-1.08]),
which became significant at >10.0 hours/day (HR 1.08 [95%CI 1.00-1.14])46.
Higher mortality and CVD rates due to sedentary behaviour might be caused by
worse cardiovascular risk factors including higher body mass index, waist circumference,
high blood pressure, lower HDL cholesterol levels and impaired glucose tolerance.47, 48
Experimental studies partly support previous observational studies and found that long
periods of sitting increased blood pressure49 and decreased insulin sensitivity49, 50. The
experimental studies also showed that breaking up prolonged bouts of sitting attenuate
the detrimental cardiometabolic effects. These new insights were explored in a large
cohort study (n=7,985)51, which demonstrated that both the total volume of sedentary
time and its accrual in prolonged, uninterrupted bouts were associated with all-cause
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mortality. Accumulating a higher percentage of sedentary time in bouts of 1-29 minutes
was significantly associated with a smaller increase in risk of all-cause mortality. These
results suggest that not only the total amount of sitting time is associated with detrimental
health outcomes, also the pattern of sedentary behaviour (i.e. breaking up sitting time) is
important.
The American Heart Association and physical activity guidelines of Australia, the
United Kingdom, the United States52 and the Netherlands53 recommend reducing sedentary
behaviour as much as possible. However, all guidelines refrained to quantify thresholds of
sedentary behaviour, since the level / grade of evidence is still too low to set up public
health guidelines.
Secondary prevention
The association between sedentary behaviour and health in CVD patients is largely
unknown. However, previous studies revealed that CVD patients are sedentary for 8-12
hrs/day54-56, which is on average higher compared to the general population (7.7 hrs/
day)41. In addition, CVD patients perform less moderate and vigorous intensity physical
activities compared to healthy individuals33. Low physical activity and high sedentary time
might increase the risk for disease progression and mortality among CVD patients. A large
harmonised meta-analysis38 showed in healthy individuals that the association between
sedentary time and all-cause mortality was especially strong in individuals with low physical
activity levels. In the least active group, sitting time of 4-5.9 hrs/day (HR 1.08 [95% CI 1.04–
1.12]), 6-8 hrs/day (HR 1.09 [95% CI 1.09–1.19]) and >8 hrs/day (HR 1.27 [95% CI 1.22–1.32])
were progressively associated with increased risk for mortality compared to individuals
with <4 hrs/day sitting time. This work from the harmonised meta-analysis is reinforced
by experimental studies, which showed that breaking up sedentary time with short bouts
of light intensity activities was especially beneficial in individuals with cardiovascular risk
factors such as diabetes49, 50 and hypertension57. Therefore, reducing sedentary time in CVD
patients might be beneficial and an important target to improve health.
As mentioned earlier, future studies should investigate the effects of sedentary time in
CVD patients and whether breaking up sitting time provides further benefits. Furthermore,
research should examine the association between patient characteristics and sedentary
behaviour to develop and implement interventions to reduce sedentary time in vulnerable
CVD patients.

Outline of this thesis
Physical activity is important to improve health. However, there is still discussion about
the details of the dose-response relationship between physical activity and health. For
example, the association between resistance exercise and health, differences in the doseresponse curve between healthy individuals or those with cardiovascular risk factors or
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CVD, and domain-specific (leisure versus non-leisure) effects of physical activity on health.
Knowledge gaps in research about sedentary behaviour are: who is at risk for high amounts
of sedentary time? How sedentary are CVD patients and is sedentary time affected by
cardiac rehabilitation? Therefore, the aims of this thesis are to 1) investigate the doseresponse relationship between physical activity and health for both primary and secondary
CVD prevention; and 2) explore the prevalence of sedentary behaviour in healthy individuals
and in those with CVD. To answer these research questions, we performed studies on
physical activity (Part 1: Chapters 2 – 5) and sedentary behaviour (Part 2: Chapters 6 – 8).
Part 1 – Physical activity
In Chapter 2, we summarize available methods to assess physical activity and physical
function in a diseased population. Valid assessment of physical activity and exercise is
essential to enlarge and improve the current evidence on its association with health.
Furthermore, older adults and individuals with chronic diseases may have a decline in
physical function, which finally results in severe disabilities and dependencies. Assessment
of physical function may help clinicians to monitor disease progression and frailty in their
patients. We aim to summarize different measures of physical function and physical activity,
to provide an update on measurement instruments, and to discuss options for easy-to-use
measurement instruments for day-to-day use by patients.
Chapter 3 examines the association between resistance exercise, independent of
and combined with aerobic exercise, and the risk of developing metabolic syndrome.
Metabolic syndrome is defined as a combination of glucose intolerance, central obesity,
dyslipidaemia, and hypertension, and is therefore an important risk factor of CVD. For this
study, we use data of the Aerobics Center Longitudinal Study and explore the effects of
different volumes of resistance exercise on the incidence of metabolic syndrome.
In Chapter 4, we investigate the clinical impact of cardiorespiratory fitness and
improvements in cardiorespiratory fitness after exercise-based cardiac rehabilitation
in patients with heart failure. Significant heterogeneity exists in individual responses to
exercise-based cardiac rehabilitation, with some demonstrating no change or even a decline
in cardiorespiratory fitness. Evidence is limited as to whether the absence of improvement
affects future survival and morbidity. In this study, we include heart failure patients who
received cardiac rehabilitation at the Radboud university medical center (Nijmegen) or Isala
(Zwolle). We compare the risk of morbidity and all-cause mortality between heart failure
patients responding and non-responding in cardiorespiratory fitness improvement, and we
aim to predict which patients will become a non-responder to cardiac rehabilitation.
Chapter 5 compares the dose-response relationship curve between physical activity
and major adverse cardiovascular events and all-cause mortality among healthy individuals,
individuals with cardiovascular risk factors and those with CVD. In addition, we examine the
impact of domain-specific physical activity (leisure versus non-leisure) on outcomes. This
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study uses data of the Lifelines cohort, a multi-disciplinary, prospective, population-based
cohort of 167,729 individuals living in the northern part of the Netherlands.
Part 2 – Sedentary behaviour
In Chapter 6, we summarize available tools to subjectively measure sedentary behaviour.
Subjective measures of sedentary behaviour (i.e. questionnaires and diaries/logs) are widely
implemented, and can be useful for capturing type and context of sedentary behaviour.
However, little is known about comparative validity and reliability. We aim to identify
subjective methods to assess overall, domain- and behaviour-specific sedentary behaviour,
and to examine the validity and reliability of these methods.
In Chapter 7, we aim to identify subject-, lifestyle- and health-related determinants
for total sedentary and different sedentary behaviour domains: transportation, occupation,
and leisure time. This study will provide better understanding of correlates of sedentary
time, but also its dependency on the specific domains of sedentary behaviour. This is
needed to develop and implement interventions targeting sedentary behaviour.
Chapter 8 compares sedentary behaviour between CVD patients and age-matched
healthy controls, identifies characteristics associated with high sedentary behaviour, and
determines the impact of cardiac rehabilitation on sedentary behaviour. This is important
to develop and implement sedentary behaviour interventions for vulnerable CVD patients.
CVD patients were recruited in two different hospitals; Radboud university medical center
(Nijmegen) and Rijnstate Hospital (Arnhem).
Part 3 – General discussion, Summary and Appendices
Finally, in Chapter 9, we will integrate findings of this thesis with insights from other studies,
and we will discuss directions for future research. The main findings and conclusion will be
summarized in Chapter 10.
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Abstract
Physical activity potentially improves health outcomes in patients with chronic kidney
disease (CKD) and recipients of kidney transplants. Although studies have demonstrated
the beneficial effects of physical activity and exercise for primary and secondary prevention
of non-communicable diseases, evidence for kidney patients is limited. To enlarge this
evidence, valid assessment of physical activity and exercise is essential. Furthermore, CKD
is associated with a decline in physical function, which may result in severe disabilities
and dependencies. Assessment of physical function may help clinicians to monitor disease
progression and frailty in patients receiving dialysis. The attention for physical function and
physical activity has grown, and new devices have been developed and (commercially)
launched on the market. Therefore, the aims of this review were to 1) summarize different
measures of physical function and physical activity; 2) provide an update on measurement
instruments; and 3) discuss options for easy-to-use measurement instruments for day-today use by CKD patients. This review demonstrates that large variation exists in the different
strategies to assess physical function and activity in clinical practice or in research settings.
In order to choose the best available method, accuracy, content, preferable outcome,
necessary expertise, resources and time are important issues to consider.
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Introduction
The beneficial effects of physical activity in the general population are well documented
and include risk reductions for major non-communicable diseases such as cardiovascular
disease, type 2 diabetes, cancer, dementia, all-cause mortality1, 2 and kidney function
loss in the elderly3. The World Health Organization stated that physical inactivity is the
fourth most important risk factor for all-cause death resulting in 6% of all deaths globally4.
Observational studies reported positive associations between physical activity and
health outcomes in patients with chronic kidney disease (CKD) and recipients of kidney
transplants. For example, Matsuzawa et al.5 found a 22% reduced risk of mortality per 10
minutes/day increase in objectively measured physical activity in patients on hemodialysis,
whereas Beddhu et al.6 revealed a 33% lower risk of mortality per 2 minutes/hour increase
of light activities and 85% lower death risk per 2 minutes/hour increase of objectively
measured moderate-to-vigorous activities in patients with a reduced kidney function after
adjustment for confounders. Other questionnaire-based studies showed similar results7-10.
Also randomized controlled trials with relatively short-term interventions revealed health
benefits of exercise training on physical functioning, cardiorespiratory fitness, muscle
strength and quality of life11-15.
In line with this, the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines
recommend CKD patients to perform moderate-intensity physical activity for at least
30 minutes at 5 sessions per week16, a recommendation which was extrapolated from
general population data. Specific evidence-based guidance for CKD patients is lacking17.
Unfortunately, the adherence to physical activity guidelines is rather low7 with 42% of
patients not requiring kidney replacement therapy9, 6-48% among dialysis patients18, 19 and
only 11-25% among transplant recipients20-22 performing sufficient volumes of exercise. The
potential of exercise as a therapy is largely overlooked in nephrology practice17. Patients
report major barriers to exercise training including comorbidity in general, feeling too
tired, being short of breath, being too weak, fear of adverse symptoms during exercise,
lack of time, lack of nephrologist counselling on type of exercise and the associated health
benefits23, 24.
Although many studies have demonstrated the beneficial effects of physical activity
and/or exercise on health outcomes, well-defined evidence-based exercise programs for
kidney patients are limited7. To enlarge the evidence base of the usefulness of physical
activity in CKD and in end-stage kidney disease patients, valid assessment of physical
activity and exercise is essential. Measurement instruments of physical activity may also
improve physical activity levels and motivate patients to become physically active25. In
2013, Painter et al.26 published an in-depth review on assessing physical function and
physical activity in patients with CKD. After this review the literature on this issue has
grown and new devices to measure physical function and activity have been launched on
the market. Therefore, the aims of this review are to 1) summarize different measures of
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physical function and physical activity; 2) provide an update on measurement instruments;
and 3) discuss options for easy-to-use measurement instruments for day-to-day use by
CKD patients.
Definitions of physical function, physical activity and exercise
Physical function is defined as the ability to carry out the basic actions, such as mobility,
strength, and endurance, that are essential to perform more complex activities and to
maintain independence26, 27. Physical function contains physiological impairment and
functional limitations or disabilities. Physiological impairment reflects physical function
at organ or system level, whereas functional limitation or disabilities presents physical
function of the whole body or person26, 28. Physical activity, on the other hand, is described
as any bodily movement produced by the contraction of skeletal muscle that requires
energy expenditure4. Finally, exercise is defined as a planned, structured and repetitive
form of physical activity. It includes aerobic exercise – activities that use large muscle
groups continuously and rhythmically, such as brisk walking – and resistance or musclestrengthening exercise which is based on repeated bouts of isolated muscle groups to
stimulate muscle strength and growth.
Physical function
Decline in physical function may result in severe disabilities and dependencies. The
assessment and characterization of physical function can be established by measuring:
1) physiological impairment; 2) functional limitations; and 3) functional disability / selfreported physical functioning26, 28. Characteristics of these three measures of physical
function are provided in Table 1.

Measurement tools and their implementation in clinical and research
settings
Physiological impairment
Physiological impairment contains the physical function at organ or system level and is
determined by exercise tolerance and capacity tests26, 28. The gold standard to measure
cardiorespiratory fitness is cardiopulmonary exercise testing to assess oxygen (O2)
consumption. VO2 peak can be defined as the absolute volume of maximum O2 consumption
per minute (l/min) or as the relative volume per kilogram bodyweight per minute (ml/kg/
min). An incremental exercise test should be performed on a treadmill or cycle ergometer,
using a predefined protocol28, 30-32, to determine VO2 peak. Standardized criteria are used
to define whether maximum effort is reached33. When gas exchange measurements are
not available, VO2 peak can be estimated based on the peak workload and heart rate3032, 34

. However, such prediction formulas have not been validated for CKD patients28. In

addition, cardiorespiratory fitness tests in CKD patients with severe deconditioning and
muscle weakness might not always be possible and subject to floor effects.
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Table 1 | Measurement tools to assess physical function.26, 28, 29
Physiological
impairment

Functional limitations

Functional disability /
self-reported physical
functioning

Objective /
Subjective

Objective

Objective

Subjective

Examples

Exercise tolerance
/ capacity tests,
cardiopulmonary exercise
testing, muscular fitness;
maximum strength and
muscle endurance

Physical performance
tests such as walk tests
and functional muscular
fitness tests

Self- and/or proxy
reports, questionnaires
such as SF-36, RAND-36,
PROMIS-29 and KDQoL.

Basis

Lab- / hospital-based

Mainly lab- / hospitalbased

Day-to-day life

Advantages

• ‘Gold standard’
• Easy to quantify
• Less suspect of floor/
ceiling effects
• More useful
in comparisons
between cultures
and geographical
environments

• Objectively measured
• Easy to quantify
• More useful in
comparisons between
cultures and geographical
environments
• Relatively simple, quick
and cost effective
• Applicable to large
number of individuals
• Tests represent normal
daily activities (walking,
sit-to-stand transition)

• Patient-focused
information
• Reflects one’s
perception of their
abilities in their
environment
• Applicable to large
number of individuals
• Easy, cost effective,
time efficient and risk free

Disadvantages

• May have limited
practical utility
• Requires trained
personnel
• Floor effect for
cardiorespiratory tests

• No gold standard
• Potentially suspect of
ceiling effects

• Subject to external
influences
• Self-reported and
therefore lower validity
and reliability

Requirements

Trained personnel,
expensive equipment,
specific analytic skills/
knowledge

Familiarization and
adherence to protocols

Literacy and ability to
understand the language

Practical
considerations

• Reliant on technical
experts
• Lower feasibility

• Less easy to interpret
and translate to real
world situation (e.g.
walking distance improvement, 1 SPPB point
increase)

• Choosing the outcome
of the self-reported tool
necessary to answer
the clinical or research
question
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Another way of determining physiological impairment is assessing muscular fitness.
Muscular fitness is reflected by maximum strength and muscle endurance. Muscle strength
leads to movement (isokinetic force) or only to force without movement (isometric force).
Isokinetic force can be measured with an isokinetic dynamometer, but such equipment is
expensive and requires well-trained personnel. Alternatively, a cheaper and easy-to-use
measure to evaluate isometric handgrip strength is a hand dynamometer35, 36. Dynamic
muscle strength may be assessed in all muscle groups using 1, 3, or 5 repetition maximum
(RM) protocols for both upper and lower body26. It is important to familiarize untrained
adults with 2-3 sessions of the RM protocol to achieve the true maximum strength37, 38.
Muscular endurance can be determined by the maximum number of repetitions on a
predefined RM level such as 60% of 1RM or 80% of 5RM26.
Within laboratory and clinical research settings, cardiorespiratory fitness and muscular
fitness are used to correlate physiological impairment to major events and mortality, and
to evaluate exercise intervention studies. In clinical care settings, cardiopulmonary exercise
testing is used to diagnose underlying cardiovascular disease and to detect respiratory
limitations, but outcomes can also be used to prescribe exercise regimes with certain
intensities. Cardiorespiratory fitness is also a strong predictor of mortality and may be
used to stratify patients into risk groups39. However, assessing cardiorespiratory fitness
is labor intensive and requires specialized personnel. Therefore, these tests might not
always be feasible in daily clinical practice, but could provide important information in
specific cases. For example, determining VO2 peak is potentially useful in pre-transplant
cardiovascular screening40. Muscular fitness-related measures may help clinicians to
monitor disease progression and frailty in patients receiving dialysis, and to detect early
signs of adverse clinical outcomes like severe muscle loss and malnutrition41. The use of
isokinetic dynamometers in clinical practice is usually cumbersome and not feasible, but
measuring handgrip strength is an easy-to-use alternative which could also assist in the
diagnosis of sarcopenia42.
Functional limitations
Functional limitations reflect the physical function of the whole body26, 28. Functional
limitations tests refer to the ability to perform basic physical tasks in daily life such as
walking and standing up from a chair. Roughly, functional limitation tests can be divided in
walk tests and physical performance tests. One of the most commonly used walk tests is
the six-minute walk (6MW) test, in which participants are asked to walk comfortably for 6
minutes. The researcher or clinician measures the distance travelled26, 28, 43-45. Other options
include the 2- and 12-minute walk tests, or walk tests with a pre-determined distance such
as the 400-meter walk test. Although the 6MW test cannot replace the cardiorespiratory
fitness test, the correlation between the two is moderate to high44, 46, 47. Another walk
test, is the intermittent shuttle walk in which patients walk back and forth on a 10-meter
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course47, 48. An audio signal by a metronome directs the walking speed and increases the
walking speed until the patient is unable to follow. This measure has a good reliability and
is moderately to strongly correlated with the cardiorespiratory fitness test49. The last variant
of walk tests is the gait speed test. Gait speed is usually assessed as walking pace over a
short distance (6 meters).
Examples of physical performance tests are the chair-stand-test or sit-to-stand test50,
stair-climb-test51, 52, timed up and go test53, and the short physical performance battery
(SPPB)54. The chair-stand-test is based on the number of sit-stand-sit cycles within 30
seconds. This test is highly feasible in clinical practice and only needs a chair without arm
rest and a stopwatch. The sit-to-stand test is the time needed to complete five sit-to-stand
maneuvers26, 28, 29, 55. The stair-climb-test measures the ability to climb stairs. The method of
climbing the stairs (alternating steps, hand-rail dependence) and the speed of stair climbing
are measured26. The timed up and go test assesses the time a patient needs to rise from an
armchair, walk 3 meters, turn around, return and sit down again26, 29, 55. The SPPB includes
a balance test, walking speed test (usual pace over 4 meters), and sit-to-stand test. For the
balance test the patient is asked to hold three challenging standing positions for 10 second
each. All three tasks are scored and summed up. In general, the SPPB is reliable and valid29,
55, 56

. All physical performance tests are relatively easy and quick to perform. However, the

tests are less useful for highly fit and highly functional individuals because of ceiling effects.
In laboratory and clinical research settings, measures of functional limitations could
be used to predict survival, and to evaluate interventions. For example, in cardiopulmonary
patients an increase of approximately 30 meters after a 6MW test has been shown to be
clinically relevant45, 47. In patients with end stage kidney disease, an increase of 20 meters
after a 6MW test was associated with a lower risk of the combined end-point of death,
incident cardiovascular disease and hospitalization57. Gait speed was associated with
patients’ function decline among 752 hemodialysis patients. Patients who walked <0.6 m/s
had 2.17 (95% CI 1.19-3.98) higher risk of mortality compared with participants walking
≥0.6 m/s and this risk was even higher in patients unable to walk (HR 6.93; 95% CI 4.0111.96). This study also revealed that each 0.1-m/s decrement in gait speed was associated
with a 17% greater risk of death (HR 1.17; 95% CI 1.05-1.31)58.
In clinical care settings, assessing functional limitations is easier and more feasible
than measuring physiological impairment, as all tests are relatively simple, quick, cheap
and are less labor intensive. In addition, they provide useful information on the patient’s
ability to perform basic tasks. Repeatedly assessing functional limitations on the occasion
of a visit to the dialysis center could help to identify and monitor patients with serious
functional limitations. For example, the tests are especially useful in the risk prediction or
stratification of older adults59, 60, whereas gait speed <0.8 meters/second is associated with
adverse health outcomes in older adults42, 60. However, the clinical utility and evaluation
criteria still need to be established in patients with CKD.
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Functional disability / self-reported physical functioning
Functional disability and self-reported physical functioning represent the physical function
of the person as a whole26, 28 and are associated with socio-cultural environment. Both are
usually captured by questionnaires resulting in important patient-focused information. Selfreported physical function is significantly associated with survival in patients with CKD61.
Commonly used questionnaires capturing physical function include the 36-Item Short
Form Health Survey (SF-36)62, RAND-3663, or Patient-Reported Outcomes Measurement
Information System (PROMIS) Global Health and PROMIS-2964, 65. Examples of other selfreport tools26, 28, 64 used in patients with kidney disease are activity of daily living (ADL)66,
Health-Related Quality of Life (HRQoL)67, Kidney Disease Quality of Life (KDQoL)68, Duke
Activity Status Inventory (DASI)69, Katz Index of Independence in Activities of Daily Living70
and some dimensions of the Sickness Impact Profile71.
Due to its relatively simple, cost effective, time efficient and risk-free nature, the
routine assessment of functional disability is easy to implement in research setting and in
clinical practice. However, more evidence is needed to examine its clinical utility and to
establish evaluation criteria of these self-reported tools. A cohort study in 951 end-stage
kidney disease patients showed that physical function assessed by SF-36 was the strongest
predictor of death among the various dimensions of the SF-36, and added significant
prognostic information to a validated death-prediction score72.
Physical activity and sedentary behavior
Physical activity consists of structured and incidental activities. Structured physical activities
or exercise are planned and purposeful activities to promote health and fitness benefits.
Incidental physical activities are unplanned activities in daily life. Physical activities can be
described in four dimensions and domains. The four dimensions include; 1) mode or type
of activity, 2) frequency, 3) duration, and 4) intensity of performing activity. The four most
common domains are; 1) occupational, 2) domestic/household, 3) transportation, and 4)
leisure time73. Physical activity is quantified in energy expenditure in kilocalories (kcal) or
by using the Metabolic Equivalent of Tasks (MET) of the activity. One MET is equal to the
resting energy expenditure and could be converted to kilocalories (1 MET=1 kcal/kg/h).
Summing up all physical activities into one outcome results in total physical activity per
day or week; for example, physical activity–related energy expenditure per day or METminutes per day. Total MET-minutes per day can be calculated by multiplying the intensity
(e.g. 3 METs), duration (e.g. 30 minutes), and frequency (e.g. 2 times/day), resulting in
3x30x2=180 MET-min.
Sedentary behavior is at the opposite end of the energy expenditure continuum, and
is defined as any waking behavior characterized by an energy expenditure ≤1.5 MET while
in a seated, reclined or lying posture74, 75. Contrary to physical activity, a high level of sitting
time is associated with increased risks of mortality76, 77.
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The time that an individual is physically active at a certain intensity is one of the most
common measures of interest. For example, one may assess whether a CKD patient
adheres to the recommended physical activity guidelines16. On the other hand, activities
could be performed on a light, moderate and vigorous intensity, and may be classified in
absolute and relative terms73. For example, two individuals walk 3 mph which is equivalent
of 3.5 MET78 from an absolute standpoint. However, when heart rate is recorded individual
A is found to walk with a heart rate 35% of his maximum heart rate, whereas individual B
walks on 60% of his maximum heart rate. In relative terms, individual A walks on a light
intensity whereas B walks on a vigorous intensity.
Objective measurement tools and their implementation in clinical and research settings
Objective methods to assess physical activity include wearable monitors that directly
measure bio signals, such as motion, heart rate and energy expenditure. Generally, objective
measures of physical activity could be divided in; 1) measures of energy expenditure, 2)
physiological measures, 3) motion sensors and 4) methods that combine different sensors79.
Characteristics of measures of physical activity are provided in Table 2.
Energy expenditure
There are three measurement tools available to measure energy expenditure; indirect
calorimetry, doubly labelled water, and direct observation. Indirect calorimetry measures
the ventilatory volume and amounts of oxygen consumed and carbon dioxide produced.
This latter method is the gold standard under controlled conditions (laboratory-based)80-82.
Doubly labelled water measures total energy expenditure during daily life activities
based on the difference in elimination rate between 2 stable isotopes; oxygen-18 (18O)
and deuterium (2H)83-85. Direct observation needs an observer watching or videotaping an
individual86, 87. All three measures are highly valid, but are very labor intensive and require
specialized personnel. In addition, the patient burden is potentially high, the measure is
expensive and cannot be performed in large populations. Therefore, indirect calorimetry,
doubly labelled water, and direct observation are of limited use to clinical practice and are
only useful in very specific research designs.

2

Indirect calorimetry, doubly
labelled water, direct
observation

Lab- / hospital-based

Gold standard
High validity and reliability

Basis

Advantages

Objective

Examples

Objective /
Subjective

Energy expenditure

Relatively inexpensive
Low burden for patients /
participants
Easy to wear 24 hours 7 days per
week
Provides detailed information
about intensity, frequency and
duration
Applicable to large number of
individuals
Pedometers are intuitive,
understandable, and could
motivate individuals
Might increase daily physical
activity

Day-to-day life

Lab- / hospital-based and day-today life
Relatively inexpensive
Low burden for patients /
participants
High validity for moderate-tovigorous activities
Assists in physical activity and
exercise interventions

Accelerometers and pedometers

Objective

Motion sensors

Heart rate monitoring

Objective

Physiological measures

Table 2 | Measurement tools to assess physical activity73, 88.

Low cost
Questionnaires have low burden
Applicable to large number of
individuals
Assessment of different domains
and dimensions
Questionnaires are valid to assess
structured physical activity
Logs / diaries provide a good
overview of physical activity and
energy expenditure
Easy to implement in clinical
practice

Lab- / hospital-based and day-today life

Questionnaires, logs, diaries

Subjective

Questionnaires and logs
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Expensive
Requires highly trained
personnel
Limited practical utility
High participant burden

Trained personnel,
expensive equipment,
specific analytic skills/
knowledge

Reliant on technical
experts
Require calibration
Lower feasibility

Disadvantages

Requirements

Practical
considerations

Familiarization to protocol, data
extraction and analyses

Patients may have sensitive skin
Calibration requires technical
expertise
Recommend at least 7 days of
monitoring
Positioning of the monitor
Record data in the highest
resolution

Patients could develop skin
irritation during prolonged
wearing
Calibration requires technical
expertise

Not able to distinguish between
types of activities
Depending on the placement,
it neglects upper-body activities
and differs in validity
For accelerometers, data
reduction, transformation and
processing takes time
Pedometer are less valid for
energy expenditure
Might increase daily physical
activity

Familiarization to protocol, data
extraction and analyses

Lower validity for light intensive
physical activities and sedentary
behavior
Affected by sympathetic reaction
on for example emotions status,
temperature and caffeine
consumption
Limited use in patients using
medication affecting heart rate
responses (e.g. beta-blockers)
or in patients suffering from
cardiac autonomic neuropathy.
In this case, the intensity can be
determined in combination with
the Borg Scale.

Choosing the outcome of the
self-reported tool necessary to
answer the clinical or research
question

No specific requirements

Questionnaires are subject to
recall bias and socially desirable
answers
Questionnaires have low validity
in incidental physical activity
Logs / diaries have a very high
burden on participants, patients
and personnel
Need to be population and
culture specific
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Physiological measures
Heart rate monitoring is a practical and feasible way to assess physical activity. Heart rate
monitoring is accurate for measuring moderate-to-vigorous intensity activities, since heart
rate increases linearly and proportionally in healthy individuals89. However, low intensity
activities (e.g. sedentary behavior and standing) are more difficult to capture because heart
rate is influenced by sympathetic reactivity (e.g. emotional status, temperature and caffeine
consumption). Furthermore, heart rate has some delayed response to activities, and may,
therefore, miss sporadic activities or overestimate the duration of certain activities. Current
heart rate monitors are small wrist-worn devices that receive signals from a chest strap.
New technologies made it possible to measure and store heart rate for days. The newest
devices measure heart rate on the wrist and don’t need a chest strap. However, the validity
of these new devices needs further investigation90.
In clinical practice, heart rate monitors are easy-to-use instruments to collect
information on the time that patients spend in moderate-to-vigorous physical activities
and physical activity-related energy expenditure. However, for a complete overview of the
patient’s physical activity patterns, the patient needs to wear the monitor for several days
and data needs to be processed, which makes the assessment more labor intensive. The
accuracy of the estimated outcomes improves by calibrating an individuals’ heart rate and
energy expenditure response on different levels of activities using oxygen consumption
measurements91, 92. To overcome individual calibration, group calibration93, 94 is useful to
predict the energy expenditure using multivariate predictive equations derived for group
data of CKD patients. Heart rate monitoring could also be helpful when a patient wants
to exercise on a certain intensity to gain health and fitness benefits. However, the use of
heart rate monitoring might be limited in patients using medication affecting heart rate
responses (e.g. beta-blockers) or in patients suffering from cardiac autonomic neuropathy.
When the patient’s heart rate is affected by medication or other health conditions, it could
be impossible to achieve a high or maximal heart rate. In this case, the intensity of physical
activities can be determined in combination with the Borg Scale; a rating of perceived
exertion. The Borg Scale values range from 6 to 20 (i.e. very, very light to very, very hard)95.
Motion sensors
The most commonly used motion sensors are accelerometers and pedometers.
Accelerometers measure the acceleration in 1, 2 or 3 planes, and are attached to the
hip, wrist, ankle, lower back or thigh73. Depending of the number of planes and place
of attachment, accelerometers measure sedentary time, physical activity, physical activityrelated energy expenditure and sleep-related behavior. Acceleration signals are generally
filtered and pre-processed by the monitor resulting in activity counts. The amount and
intensity of activity, and sedentary time are derived from the classification of activity counts
accumulated in a specific time interval and using different cut-points96. Physical activity-
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related energy expenditure and sleep-related behavior are estimated using (commercial)
algorithms. In addition, to extract MET-minutes and energy expenditure from activity
counts prediction equations97, 98 or calibration99 are needed. New methods to estimate
these outcomes use raw acceleration signals (gravity units) instead of activity counts100, 101,
and may therefore be more valid and create the possibility to harmonize data from different
accelerometers102. Researchers mostly use accelerometers of the brands ActiGraph,
Actical, ActivPAL, Actiheart, Axivity and GENEActiv. Choosing the best accelerometers
for a certain measurement needs some considerations. Accelerometers differ in size,
battery, memory, number of axis, placement, software and costs73. In addition, decisions
about data collection and data processing have huge impact on the outcomes96. For
example, algorithms validated in adults might not be valid for older adults. Therefore,
it is crucial to carefully consider different accelerometers and criteria for data collection
and data processing. Extensive information on the methodological issues are beyond
the scope of this review, but helpful reviews are cited here73, 96, 103-105. To ensure that the
data is representative for daily physical activity, the accelerometers should be worn for
24 hours/day for 7 consecutive days with a minimal wear time of 4 days106. The validity
of accelerometers, expressed as correlation coefficients, ranges between 0.06-0.9104,
but research validating accelerometers CKD patients is very limited. Wrist- and hip-worn
accelerometers are less valid for sedentary behavior, but the validity greatly improves when
attaching the accelerometer to the thigh (e.g. ActivPAL) in order to combine acceleration
with posture107, 108.
Pedometers are typically worn on a belt, waistband, in a pocket, at the ankle or
foot, and count the number of steps. An important advantage of pedometers is that steps
are intuitive, and understandable to laypersons. Simple pedometers quantify steps and
estimate distance, whereas enhanced pedometers have a build-in time clock, memory,
estimate intensity and could upload data to a computer73. StepWatch, Omron, New
Lifestyles and Yamax are examples of commercially available pedometers. The number of
steps per minute (cadence) can be used to estimate the intensity of physical activity109. In
general pedometers are accurate, but the main source of error are slow walking speeds
and obesity, which both result in an underestimation of steps110. Validation studies reveal a
potential threshold of 100 steps/minute for moderate-intensity activity109, 110.
Motion sensors are generally used for research purposes. In clinical practice they
are important to objectively assess physical activity in daily life. However, assessment of
physical activity in the clinic is rare. Distributing devices, letting patients wear devices for
7 days, data processing, data transfer and data summarization are very time consuming. In
addition, expertise in the characteristics, pitfalls, and processing steps of a specific device
is necessary to use the information for routine assessment. Therefore, consumer-oriented
devices or wearables (e.g. Fitbit, Jawbone, Nike, Apple Watch, etc.) might be more feasible
for patient use and integration into health care settings compared to pure research-grade
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accelerometers88. However, the activity outcomes (e.g. physical activity level, sleep, steps
and calories) differ substantially across consumer-oriented devices. In addition, evidence for
validity of consumer-oriented devices is limited. Only some reviews88, 111, 112 summarized the
validity of consumer-oriented devices, and found a large variability in the accuracy mainly
depending on activity type. Consumer-oriented devices need to be improved to estimate
energy expenditure since their accuracy depends on the type of activity and heterogeneity
exists between devices. Improvements could be achieved with the addition of heart rate to
accelerometry111. Taken together, consumer-oriented devices are widely available and have
reasonable accuracy, but may primarily be helpful to assist in patient’s awareness, behavior
counselling and goal setting. On the other hand, pedometers are easy to use and intuitive.
Patients need to wear the pedometer for several days to provide insight into their habitual
physical activity, but no data processing steps are required to translate information. In
addition, pedometers are mostly cheap and easy to wear. Another up-coming way to assess
step count are smartphone applications. A prospective study113 found a relative difference
in mean step count ranging from −0.3% to 1.0% for pedometers and accelerometers,
−22.7% to −1.5% for wearable devices, and −6.7% to 6.2% for smartphone applications.
These findings suggest that smartphone applications are relatively accurate in measuring
physical activity behavior.
Limited evidence is available if tracking physical activity behavior using wearables
and pedometers can effectively change this behavior. A systematic review114 including
randomized controlled trials in older adults (>60 years) showed that activity tracker-based
interventions resulted in an increase of 1558 steps per day (95% CI 1099 to 2018). A pilot
study115 in 60 dialysis patients, revealed that the use of pedometers in combination with
counselling resulted in an increase of 2,256 (95% CI, 978-3,537) steps/day. However, this
increase disappeared after cessation of the intervention. Therefore, change in behavior
might not be only dependent of wearable devices, but also on individual encouragement
and effective feedback loops116. The role of wearables in inducing behavioral change is an
important area of future research.
Multi-sensing methods
Some objective assessment tools are able to combine multiple parameters. Examples
are the Actiheart (accelerometer and heart rate sensing) and IDEEA (5 accelerometers).
Evidence for these devices is limited, but some studies have shown that multi sensing
devices could improve the validity for assessment of physical activity compared to single
sensing devices73.
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Subjective measurement tools and their implementation in clinical and research settings
Subjective measures use questionnaires and logs, and rely on the individual to report their
activities as they occur or to recall previously performed activity. Questionnaires are used
to identify dimensions and domains of an individual’s physical activity behavior. They could
vary in detail and number of items, and could be collected by interview or self-report.
The validity is sufficient and is in general higher for vigorous intensity activities compared
to light-to-moderate activities73, 117, 118. The content of questionnaires about sedentary
behavior are similar to the ones of physical activity. Sedentary time (hours/day) can be
measured in total, domain specific, during weekdays versus weekend days, and during
work versus non-working days107, 108. The validity of sedentary behavior questionnaires is
comparable with the validity of physical activity questionnaires. In the past few decades,
many questionnaires have been developed to assess activity behavior. Therefore, in-depth
information about these different questionnaires is beyond the scope of this review. Useful
reviews helping to decide on specific questionnaires are cited here73, 88, 107, 108, 117-121. Hourby-hour or activity-by-activity information about physical activity and sedentary behavior
patterns could be obtained by logs or diaries. A well-known log is the Bouchard Physical
Activity Record122 which identifies 9 types of movement behaviors every 15 minutes for
three days. Currently, the only measurement tool for resistance or muscle-strengthening
exercise is questionnaires and logs/diaries, since there are no objective measures to assess
this type of activity.
Questionnaires are an easy and cheap way to assess physical activity and sedentary
behavior. For research settings their validity and reliability are sometimes too low. However,
questionnaires are valid enough to get a rough idea of the physical activity and sedentary
patterns of patient populations. In addition, questionnaires provide an overview of the
domains which are essential in behavior counselling. In clinical practice, questionnaires
could be easily administered at clinical visits and be integrated into the clinical workflow.
Choosing the best tool
Routine assessments of physical function and physical activity are important. However,
choosing the most appropriate measurement tool needs some thought. Especially since in
most cases the accuracy decreases when the ease of assessment increases. Classical criteria
for deciding on the best available tool are based on the 1) content validity, 2) internal
consistency, 3) criterion validity, 4) construct validity, 5) reproducibility, 6) responsiveness,
7) floor and ceiling effects, and 8) interpretability123. Other factors are outcome of interest,
costs, time, burden of the patient or medical personnel and the process of data extraction.
Table 3 shows possible considerations when deciding on the most appropriate tool for
physical function whereas Table 4 shows possible arguments when deciding on the most
appropriated tool for physical activity.

2

46

Chapter 2

Conclusions
This review provides an overview of different tools to assess physical function and physical
activity in lab- or hospital-based situations or in daily life. There exists large variation in
outcomes that can be measured, in accuracy, necessary expertise, and in resources and time
needed to obtain the desired information. We have distinguished between measurement
instruments for use in clinical practice or in research settings. Routine assessment of physical
function and physical activity needs integration into the clinical workflow, for example by
adding easy measures to the electronic patient file. This creates the opportunity to discuss
physical function and activity between health care professionals and patients and to follow
declines and improvements over time.
Table 3 | Steps to select a measurement tool to assess physical function.26, 28, 29
Clinician / researcher needs to assess physical function characteristics:

Content

Available tools
Clinical practice:
behavior
counselling / risk
stratiﬁcation

CRF
suitable
less suitable
suitable

Research
less suitable

Consideration of outcome

physiological
impairment
Type of activity
to be measured

functional
limitations
functional
disability
CRF
muscular
fitness

Aspect of activity
to be measured

mobility and
performance
perception
of functional
ability

Isometric
dynamometer

Hand
dynamometer

1 -RM

Walk
test

Transition
test a

SPPB

Selfreport
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Table 3 continued
Clinician / researcher needs to assess physical function characteristics:
Available tools

CRF

Isometric
dynamometer

Hand
dynamometer

1 -RM

Walk
test

Transition
testa

SPPB

Selfreport

Feasibility and practically

limited
Costs of tool

medium
high

Sample size /
participants to
be measured b
Patient /
participant
burden c

low to
medium
high
low
medium

Resources

low
Staff burden d

medium
high

Data processing
/ transfer /
summarization

easy / fast
more difficult
/ less fast
< 5 minutes

Assessing

Time needed for
assessment

5 - 10
minutes
> 10 minutes

Immediate
feedback
for patient /
participant
/ health
professional

yes

no

a
Transition test are chair-stand-test or sit-to-stand test, stair-climb-test, the timed up and go test. CRF= cardiorespiratory
fitness, SPPB= short physical performance battery, RM= repetition maximum
b
low to medium: tests could be performed in smaller groups and are less feasible for very large populations; and high:
tests are easy to perform and are feasible in large populations
c
low: tests are easy to perform by the patient and tasks are clear and simple; and medium: tests are less easy to
perform and require maximal or submaximal effort.
d
low: assessment is quick (<10 minutes) and no data processing required; medium: assessment is longer (>10 minutes)
and no data processing required; and high: assessment is longer (>10 minutes) and requires data processing.
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Table 4 | Steps to select a measurement tool to assess physical activity.73, 88
Clinician / researcher needs to assess physical activity characteristics:
Questionnaire

Content

Available tools
Clinical practice:
behavior
counselling / risk
stratiﬁcation

suitable

less suitable
suitable

Research
less suitable
total physical
activity
total energy
expenditure
walking
behavior

Consideration of outcome

Type of activity to
be measured

domain
specific
sedentary
behavior
aerobic
exercise
resistance
exercise
total time

Aspect of activity
to be measured

intensity
duration
frequency
limited

Feasibility and practically

Costs of tool

medium
high

Number of
patients /
participants to be
measured

low to
medium
high
low

Patient /
participant
burden

medium
high

Logs and
diaries

Heart rate
monitor

Pedometer

Accelerometer

Multisensing
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Table 4 continued
Clinician / researcher needs to assess physical activity characteristics:
Questionnaire

Available tools
low
Staff burden
Resources

high
easy / fast
Data processing
/ transfer /
summarization

Assessing

medium

moderately
easy / fast
more difficult
/ time
consuming
one time point

Time needed for
assessment

Immediate
feedback
for patient /
participant
/ health
professional

few days of
administer /
wear time
yes
no

Logs and
diaries

Heart rate
monitor

Pedometer

Accelerometer

Multisensing
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Abstract

Objective. To determine the association of resistance exercise, independent of and
combined with aerobic exercise, with the risk of development of metabolic syndrome.
Patients and Methods. This cohort includes adults (mean age, 46; SD, 9.5) who received
comprehensive medical examinations at the Cooper Clinic in Dallas, Texas during January
1, 1987, and December 31, 2006. Exercise was assessed by self-reported frequency and
minutes per week of resistance and aerobic exercise, and meeting the US Physical Activity
Guidelines (resistance exercise ≥2 days/week; aerobic exercise ≥500 MET-minutes/week)
at baseline. The incidence of metabolic syndrome was based on the National Cholesterol
Education Program Adult Treatment Panel III criteria. We used Cox regression to generate
hazard ratios (HRs) and 95% confidence intervals.
Results. Among 7418 participants, 15% (n=1147) developed metabolic syndrome during a
median follow-up of 4 years (max 19, min 0.1). Meeting the resistance exercise guidelines
was associated with a 17% lower risk of metabolic syndrome (HR, 0.83; 95% CI, 0.73-0.96;
P=.009) after adjusting for potential confounders and aerobic exercise. Further, less than
one hour of weekly resistance exercise was associated with 29% lower risk of development
of metabolic syndrome (HR, 0.71; 95% CI, 0.56-0.89; P=.003), compared to no resistance
exercise. However, larger amounts of resistance exercise did not provide further benefits.
Individuals meeting both recommended resistance and aerobic exercise guidelines had
a 25% lower risk of development of metabolic syndrome (HR, 0.75; 95% CI, 0.63-0.89;
P<.001), compared to meeting neither guidelines.
Conclusions. Participating in resistance exercise, even less than one hour per week, was
associated with a lower risk of development of metabolic syndrome, independent of
aerobic exercise. Health professionals should recommend patients to perform resistance
exercise along with aerobic exercise to reduce metabolic syndrome.
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Introduction
One third of US adults have metabolic syndrome.1 Cardiometabolic disorders, such as
glucose intolerance, insulin resistance, central obesity, dyslipidemia, and hypertension are
its key components2, 3. Therefore, metabolic syndrome is an important risk factor for type 2
diabetes mellitus4, 5 and cardiovascular diseases (CVDs).6, 7 Increasing physical activity (PA)
is a cornerstone for preventing and treating metabolic syndrome.3, 8 Several intervention
studies have shown the benefits of aerobic exercise for improving metabolic risk factors9, 10.
Previous studies, mostly cross-sectional, have identified negative associations of muscular
strength11-14 or resistance exercise15-17 with the prevalence of metabolic syndrome.
Furthermore, recent cohort studies have indicated that higher levels of resistance exercise
were associated with lower risks of type 2 diabetes mellitus in men and women,18-20 which
suggests that increasing resistance exercise might be a potential target for preventing
metabolic syndrome. However, there is very little evidence from large epidemiological
studies regarding the effects of resistance exercise on the development of metabolic
syndrome. Therefore, the aim of this study was to examine the association of resistance
exercise, independent of and combined with aerobic exercise, with the risk of development
of metabolic syndrome in relatively healthy middle-aged adults. We hypothesized that
resistance exercise lowers the risk of development of metabolic syndrome and that the
combination of resistance and aerobic exercise might be more strongly associated with
lower risk than either one independently.

Methods
Study Population
The Aerobics Center Longitudinal Study is a cohort of men and women, who received
extensive preventive medical examinations at the Cooper Clinic in Dallas, Texas between
January 1, 1987, and December 31, 2006. Of the 10243 participants, we excluded 836
individuals with a history of myocardial infarction, stroke, or cancer and 1989 individuals
with metabolic syndrome at baseline. Our final sample included 7418 individuals (1384
women [19%]). The participants were predominantly non-Hispanic whites (>95%), well
educated, and employed in, or retired from, professional or executive positions21. The
Cooper Institute institutional review board approved the study annually, and written
informed consent was obtained from participants before data collection at baseline and
during follow-up examinations.
Clinical examination
All participants underwent comprehensive medical examinations at baseline, including
body composition assessments, blood chemistry analyses, blood pressure measurements,
electrocardiography, physical examination, and detailed medical history questionnaire.
Body mass index (BMI) was calculated from measured weight and height squared (kg/m2).
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Waist circumference was measured with anthropometric tape at the umbilicus level. Blood
chemistry analyses, measuring triglyceride, high-density lipoprotein (HDL) cholesterol and
fasting glucose levels, were obtained with automated bioassays after 12-hour fasting.
Resting systolic and diastolic blood pressure were measured by standard auscultatory
methods after 5 minutes of seated rest and calculated as the average of at least 2 readings
separated by 2 minutes.
Age, sex, smoking status, alcohol consumption, personal history of physiciandiagnosed CVD, cancer, and parental history of CVD, hypertension, and diabetes were
assessed by a medical history questionnaire. Heavy alcohol drinking was defined as >14
alcoholic drinks per week for men and >7 for women22. The medical history questionnaire
included a PA section on self-reported leisure-time PA or recreational PA during the
preceding 3 months. We classified aerobic exercise into 4 categories: “inactive (0 metabolic
equivalent [MET]-min/week)”, “insufficient (1–499 MET-min/week)”, “medium (500-999
MET-min/week)” and “high (≥1000 MET-min/week)” based on the 2008 US Physical Activity
Guidelines23.
Assessment of resistance exercise
Self-reported resistance exercise was assessed in the medical history questionnaire.
Participants were asked about the weekly frequency and average exercise duration (minutes)
for each session of muscle-strengthening PA using either free weights or weight training
machines over the preceding 3 months. We used frequency (0, 1, 2, 3, 4 or ≥5 times/week)
and total amount (0, 1-59, 60-119, 120-179 and ≥180 minutes/week) of resistance exercise,
as well as meeting the 2008 Physical Activity Guidelines for resistance exercise (≥2 times/
week23), as our main exposures. The total amount of resistance exercise was calculated by
multiplying frequency of exercise with the average minutes per session.
Ascertainment of metabolic syndrome
Participants were classified as having metabolic syndrome using the criteria of the National
Cholesterol Education Program Adult Treatment Panel III3 at both baseline and follow-up.
Metabolic syndrome was based on the presence of 3 or more of the following risk factors:
(1) abdominal or central obesity (waist circumference >102 cm in men, >88 cm in women),
(2) fasting hypertriglyceridemia (≥150 mg/dL), (3) low HDL cholesterol (<40 mg/dL in men,
<50 mg/dL in women), (4) high blood pressure (≥130/85 mm Hg or history of physiciandiagnosed hypertension) and 5) high fasting glucose (≥100 mg/dL or history of physiciandiagnosed diabetes). Follow-up time was calculated from the baseline examination to
the first event of metabolic syndrome or the last follow-up examination through 2006 for
individuals who did not have development of metabolic syndrome.
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Statistical analyses
Baseline characteristics were summarized as mean and standard deviation (SD) for
continuous variables, and as number and percentage (%) for categorical variables. Baseline
differences for participants with different amounts of resistance exercise were examined
using analysis of variance (ANOVA) for continuous variables and chi-squared tests for
categorical variables.
Cox proportional hazards regression was used to compute hazard ratios (HRs) and
their 95% confidence intervals (CIs) for metabolic syndrome across different amounts and
frequencies of resistance exercise. Participants who reported no resistance exercise were used
as the reference category. The regression models were adjusted for age, sex, examination
year, BMI, current smoking, heavy alcohol drinking, abnormal electrocardiographic findings,
parental history of CVD, hypertension, diabetes, and aerobic exercise (inactive, insufficient,
medium, and high). In addition, we examined the independent and combined effects of
meeting aerobic (≥500 MET/week)23 and/or resistance exercise guidelines on the risk of
development of metabolic syndrome in the combined analyses.
To examine potential effect modification by sex in the association between resistance
exercise and incident metabolic syndrome, we tested interaction terms of sex and resistance
exercise using Cox regression. In addition, we compared risk estimates in sex-stratified
analyses. We did not find any significant interaction (P=.56), and trends of development of
metabolic syndrome in men and women were similar. Therefore, we presented the results
of pooled analyses. All statistical tests were 2-sided, and significance was set at P<.05. All
analyses were conducted using SAS statistical software, version 9.4 (SAS Institute).

Results
Among 7418 participants, 1147 (15%) had development of metabolic syndrome during
a median follow-up of 4 years (maximum 19 years; minimum, 0.1 year) (Table 1). Among
individuals who participated in resistance exercise (n=2785, 38%), resistance exercise was
most frequently performed for 60-119 minutes per week (n=1061, 38%). Compared with
individuals not performing resistance exercise, individuals with higher levels of resistance
exercise were more likely to be younger, leaner (lower BMI and waist circumference),
and aerobically active. However, the proportion of men decreased with higher levels
of resistance exercise. Individuals who participated in resistance exercise were also less
likely to smoke and had more favourable lipid profiles (lower triglycerides and higher HDL
cholesterol; all P<.05).
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Table 1 | Baseline characteristics of the 7418 participants stratified by weekly minutes of
resistance exercise.a, b, c
Resistance exercise (min/week)
Characteristic

0
(n = 4633)

1-59
(n = 670)

60-119
(n = 1061)

120-179
(n = 502)

≥180
(n = 552)

Pvalue

Age (y)

46.7 ± 9.7

45.9 ± 8.3

46.2 ± 9.0

45.1 ± 9.5

43.7 ± 10.1

<.001

3795 (82)

568 (85)

856 (81)

369 (74)

446 (81)

<.001

BMI (kg/m )

25.3 ± 3.2

24.9 ± 2.9

24.9 ± 3.0

24.8 ± 3.2

24.8 ± 3.1

<.001

Current smokers

522 (11)

56 (8)

93 (9)

57 (11)

60 (11)

.04

562 (12)

77 (11)

132 (12)

60 (12)

64 (12)

.98

Sex (male)
2

Heavy alcohol
drinking
Aerobic exercise
(MET-min/week)
0
1-499
500-999
≥1000

1125 (24)
708 (15)
899 (19)
1901 (41)

40 (6)
89 (13)
135 (20)
406 (61)

45 (4)
117 (11)
246 (23)
653 (62)

32 (6)
65 (13)
115 (23)
290 (58)

42 (8)
73 (13)
95 (17)
342 (62)

<.001

Abnormal ECG

387 (8)

53 (8)

69 (7)

29 (6)

34 (6)

.05

Parental history
of cardiovascular
disease

1177 (25)

162 (24)

255 (24)

130 (26)

132 (24)

.79

Parental history of
hypertension

1602 (35)

251 (37)

379 (36)

191 (38)

184 (33)

.28

Parental history of
diabetes

632 (14)

91 (14)

134 (13)

61 (12)

67 (12)

.71

88.5 ±
11.0

86.8 ±
10.3

86.0 ±
10.7

84.5 ±
11.1

84.9 ±
10.3

<.001

103.4 ±
59.6
53.0 ±
14.5

92.9 ±
44.3
55.0 ±
14.6

97.0 ±
52.4
55.1 ±
14.4

96.0 ±
53.1
56.6 ±
14.7

94.4 ±
59.6
54.9 ±
14.3

Systolic blood
pressure (mm Hg)

119 ± 13

119 ± 13

119 ± 13

119 ± 13

120 ± 13

.67

Diastolic blood
pressure (mm Hg)

79 ± 9

80 ± 9

79 ± 9

79 ± 10

80 ± 9

.62

Fasting glucose
(mg/dL)

96.2 ±
10.1

96.5 ±
13.0

96.2 ±
11.9

95.6 ±
11.4

96.2 ± 13.3

.77

Metabolic syndrome
Waist
circumference
(cm)
Triglycerides
(mg/dL)
HDL-C (mg/dL)

a

<.001
<.001

BMI = body mass index; ECG = electrocardiographic findings; HDL-C = high-density lipoprotein
cholesterol; MET = metabolic equivalent.
b
Data are presented as mean ± SD or No. (percentage) of participants.
c
SI conversion factors: To convert triglycerides to mmol/L, multiply by 0.0113; to convert HDL-C
to mmol/L, multiply by 0.0259; to convert glucose to mmol/L, multiply by 0.0555.
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Performing any resistance exercise was associated with a 17% lower risk of development
of metabolic syndrome (HR, 0.83; 95% CI, 0.72-0.95; P=.006) after adjusting for potential
confounders, including aerobic exercise levels in the fully adjusted model 3 (Table 2).
Meeting the resistance exercise guidelines had a similar 17% lower risk of metabolic
syndrome (HR, 0.83; 95% CI, 0.73-0.96; P=.009) in the full model (model 3). Furthermore,
we found that resistance exercise at 1-59, 60-119, 120-179, and ≥180 minutes per week
were all associated with lower HRs for metabolic syndrome (all P<.05), compared with no
resistance exercise; after adjusting for age, sex, and examination year (model 1). However,
after further adjustment for other potential confounders and aerobic exercise levels (model
3), only 1-59 minutes per week of resistance exercise was associated with a 29% reduced
risk of metabolic syndrome (HR, 0.71; 95%CI, 0.56-0.89; P=.003). We also found that 4
days per week of resistance exercise was associated with a 38% lower risk of development
of metabolic syndrome (HR, 0.62; 95%CI, 0.44-0.89; P=.009), compared to no resistance
exercise in the fully adjusted model (model 3). In additional analyses after further adjustment
for the number of metabolic syndrome risk factors (0, 1, or 2) at baseline, the results were
virtually the same, in that the risk of development of metabolic syndrome was 14% lower
in individuals performing any resistance exercise (HR, 0.86; 95% CI, 0.75-0.98; P=.02),
14% lower in individuals meeting the recommended guidelines (HR, 0.86; 95% CI, 0.750.99; P=.03), 26% lower in individuals performing resistance exercise <1 hour per week
(HR, 0.74; 95% CI, 0.58-0.93; P=.01), and 33% lower in individuals performing resistance
exercise 4 times per week (HR, 0.67; 95% CI, 0.47-0.95; P=.03).
In addition, we examined the risk of metabolic syndrome among individuals with
the same total amount of weekly resistance exercise (minutes/week), but at different
frequencies (1-2 vs ≥3 times/week). For example, some people may perform 2 hours
of weekly resistance exercise in 1 or 2 sessions, especially during weekends (so-called
“weekend warriors”), whereas others may perform the same 2 hours of weekly resistance
exercise in more than 2 sessions.
The joint analysis of frequency and total amount of resistance exercise (Figure 1) did
not reveal any significant differences in the risk of development of metabolic syndrome
between less frequent (1-2 times/week) and more frequent (≥3 times/week) exercisers
among individuals with the same total amount of weekly resistance exercise (all P>.05).
However, we observed a 33% lower risk of development of metabolic syndrome (HR, 0.67;
95%CI, 0.49-0.91; P=.01) in individuals who performed resistance exercise 1 to 2 times
per week with a total exercise amount of 1 to 59 minutes per week. Further, we found no
difference in incident metabolic syndrome in individuals performing 1 to 59 minutes per
week of resistance exercise for less than 1 year and more than 1 year (P>.05).
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Table 2 | Hazard ratios for metabolic syndrome in 7418 study participants stratified by weekly
frequency and minutes of resistance exercise.
No. of
metabolic
syndrome
cases
Weekly minutes of resistance exercise
0
4633 (62)
816
1-59
670 (9)
80
1061 (14)
141
60-119
120-179
502 (7)
51
≥180
552 (7)
59
P for trend
Any resistance exercise
No (0 min/
4633 (62)
816
week)
Yes (≥ 1
2785 (38)
331
min/week)
Weekly frequency of resistance exercise
0
4633 (62)
816
1
206 (3)
22
2
766 (10)
83
3
1221 (16)
163
4
339 (5)
32
≥5
253 (3)
31
P for trend
Recommended resistance exercise
Variable

No
(<2 d/wk)
Yes
(≥2 d/wk)

No. (%) of
participants

Adjusted hazard ratio (95% CI)
Model 1a

Model 2b

Model 3c

1.00 [Reference]
0.62 (0.49-0.78)
0.83 (0.69-0.99)
0.66 (0.50-0.88)
0.65 (0.50-0.85)
<.001

1.00 [Reference]
0.69 (0.55-0.86)
0.93 (0.77-1.11)
0.78 (0.59-1.04)
0.76 (0.58-0.99)
.006

1.00 [Reference]
0.71 (0.56-0.89)
0.96 (0.80-1.16)
0.81 (0.61-1.07)
0.78 (0.60-1.02)
.03

1.00 [Reference]

1.00 [Reference]

1.00 [Reference]

0.71 (0.62-0.80)

0.80 (0.71-0.91)

0.83 (0.72-0.95)

1.00 [Reference]
0.80 (0.53-1.23)
0.72 (0.58-0.91)
0.77 (0.65-0.91)
0.48 (0.34-0.68)
0.66 (0.46-0.95)
<.001

1.00 [Reference]
0.81 (0.53-1.24)
0.81 (0.65-1.02)
0.86 (0.72-1.01)
0.60 (0.42-0.86)
0.79 (0.55-1.13)
.001

1.00 [Reference]
0.83 (0.54-1.27)
0.84 (0.67-1.06)
0.88 (0.74-1.05)
0.62 (0.44-0.89)
0.81 (0.56-1.16)
.005

4839 (65)

838

1.00 [Reference]

1.00 [Reference]

1.00 [Reference]

2579 (35)

309

0.71 (0.62-0.80)

0.81 (0.71-0.92)

0.83 (0.73-0.96)

Adjusted for age, sex, and examination year.
Adjusted for model 1 plus body mass index, current smoking, heavy alcohol drinking, abnormal
electrocardiographic findings, and parental history of cardiovascular disease, hypertension, and
diabetes.
c
Adjusted for model 2 plus aerobic exercise (inactive, insufficient, medium, and high).
a

b
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Figure 1 | Hazard ratios for metabolic syndrome by the combination of weekly frequency (1-2
vs ≥3 times/ week) and minutes of resistance exercise (0, 1-59, 60-119, 120-179 and ≥180 min/
week). The dots indicate hazard ratios and the lines present 95% CIs. The model was adjusted for
age (years), sex, examination year, body mass index (kg/m2), current smoking (yes/no), heavy alcohol
drinking (yes/no), abnormal electrocardiographic findings (yes/no), parental history of cardiovascular
disease, hypertension, and diabetes (yes/no for each), and aerobic exercise (inactive, insufficient,
medium, and high). Analysis in the category of 180 minutes or more in 1 to 2 sessions of resistance
exercise per week was not applicable (NA).
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Figure 2 | Hazard ratios for metabolic syndrome by meeting the 2008 US Physical Activity
Guidelines for resistance (≥2 d/week) and aerobic (≥500 metabolic equivalent [MET] min/week)
activities at baseline. The dots present hazard ratios and the lines the 95% CIs. The model was
adjusted for age (years), sex, examination year, body mass index (kg/m2), current smoking (yes/no),
heavy alcohol drinking (yes/no), abnormal electrocardiographic findings (yes/no), and parental history
of cardiovascular disease, hypertension, and diabetes (yes/no for each).

Figure 2 illustrates the independent and combined associations of meeting the resistance
and/or aerobic exercise guidelines with incident metabolic syndrome. We found that
individuals meeting both recommended resistance and aerobic exercise guidelines had
a 25% lower risk of development of metabolic syndrome (HR, 0.75; 95% CI, 0.63-0. 89;
P<.001), compared with individuals meeting neither guideline.

Discussion
This large cohort study yielded 3 major study findings. First, we documented that
participating in resistance exercise, independent of aerobic exercise, significantly decreases
the risk of development of metabolic syndrome, compared with no resistance exercise
in a middle-aged relatively healthy population. Specifically, less than 1 hour per week of
resistance exercise resulted in significantly lower risk of metabolic syndrome compared
with no resistance exercise. However, higher volumes of resistance exercise did not provide
further benefits (Table 2), suggesting against the “more is better” philosophy. Second, the

combined analysis of weekly frequency and total amount of resistance exercise (Figure 1)
showed no effect of exercise frequency in incident metabolic syndrome at a given total
volume of resistance exercise. Therefore, resistance exercise for less than 1 hour per week,
regardless of training frequency, may be important in preventing metabolic syndrome.
Third, meeting both resistance and aerobic exercise guidelines was associated with 25%
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lower risk of development of metabolic syndrome, compared to meeting neither of these
guidelines (Figure 2). This finding suggests additional benefits of doing both resistance
and aerobic exercise for the prevention of metabolic syndrome.
Previous studies have indicated a negative association of muscular strength and
metabolic syndrome, which was still present after adjusting for aerobic fitness.12 However,
the protective effect of muscular strength against metabolic syndrome might be explained
by regular participation in resistance exercise, because resistance exercise is a major
determinant of muscular strength.24, 25 Cross-sectional studies of muscle-strengthening PA
have also reported a negative association with the prevalence of metabolic syndrome,15-17
which is in line with our findings. Nevertheless, those prior studies only investigated the
effect of participating in resistance exercise (yes/no) or meeting the resistance exercise
guidelines (yes/no). Conversely, our study further examined the dose-response relationship
between resistance exercise and incident metabolic syndrome across different weekly
frequencies and total amounts of resistance exercise. In addition, we also examined the
independent and combined effects of resistance and aerobic exercise on the development
of metabolic syndrome.
Several studies have investigated the associations between resistance exercise and
type 2 diabetes mellitus, another common metabolic disease. Grøntved et al.19, 20 found a
reduced risk of type 2 diabetes mellitus with performance of less than 1 hour of resistance
exercise per week in 32,000 men and 99,000 women. In addition, they found that a
combination of aerobic and resistance exercise was superior in preventing type 2 diabetes
mellitus. We obtained similar results for the prevention of metabolic syndrome. Further,
they found a linear dose-response relationship between the amount of resistance exercise
and the risk of incident type 2 diabetes mellitus. In contrast, however, we did not observe a
linear dose-response relationship between resistance exercise and the risk of development
of metabolic syndrome, suggesting against the “more is better” hypothesis regarding
resistance exercise and development of metabolic syndrome. However, this finding might
be at least partially due to the smaller sample size and number of cases in our study. It
is also possible that resistance exercise dose-response curves may be different between
metabolic syndrome and type 2 diabetes mellitus. These contradictory findings suggest
that further investigations on dose-response relationships between resistance exercise and
different health outcomes are clearly warranted. We also investigated the dose-response
relationship between the frequency of resistance exercise and risk of metabolic syndrome,
documenting significant benefits of performing resistance exercise 4 times per week.
However, this result is somewhat complicated because the frequency does not necessarily
fully represent the total amount of resistance exercise. Therefore, the prescription of
frequency in the current resistance exercise guidelines may lack sufficient detail, whereas a
prescription of total minutes per week might be more appropriate.
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The current study found no significant difference in the risk of metabolic syndrome
between 1 to 59 and ≥180 minutes per week of resistance exercise, which suggests no
additional benefits of higher levels of resistance exercise on the development of metabolic
syndrome. In addition, the dose-response relationship between resistance exercise and
metabolic syndrome may not be linear, but reverse J-shaped, which has been found in
studies regarding aerobic exercise and cardiovascular health.26-28 Although it is not clear
why there are no further benefits on incident metabolic syndrome by increasing the amount
of resistance exercise, it may be related to no significant differences in systolic and diastolic
blood pressure and fasting glucose levels across different amounts of resistance exercise,
as shown in Table 1. However, more favourable lipid profiles (triglycerides and HDL

cholesterol) with increasing resistance exercise (Table 1) may partially explain the benefits
of resistance exercise on the development of metabolic syndrome because blood lipids
are the components of metabolic syndrome. Furthermore, additional analyses revealed
no significant differences in risk of metabolic syndrome in individuals performing 1 to 59
minutes of resistance exercise weekly for less than 1 year and more than 1 year (P>.05).
A possible explanation could be the absence of training progression (no gradual increase
in amount and/or intensity of resistance exercise) after a certain period, which results in
a stabilization of the muscle mass and strength and therefore no further health benefits.
Future studies of long-term resistance exercise training with different doses and intensities
are therefore needed to determine the protection against metabolic syndrome as well as
CVD.
In 2004, Lee et al.29 introduced the concept of ‘weekend warriors’, individuals who
meet the aerobic exercise guidelines but performed their PA in 1 to 2 days per week,
possibly during weekends. They found that ‘weekend warriors’ still had mortality benefits
compared with sedentary individuals, but their benefits were less, compared to individuals
who were regularly physically active, especially in individuals with major CVD risk factors,
such as smoking, overweight, and hypertension. In our study, there was no effect of
increased frequency with the same amount of resistance exercise (all P>.05). Nevertheless,
only individuals performing 1 to 59 minutes of resistance exercise in 1 to 2 sessions per week
had significantly lower risk of metabolic syndrome compared with no resistance exercise.
This finding suggests that even a relatively small amount of resistance exercise once or
twice per week may be enough to maximally reduce the risk of metabolic syndrome, at
least from the resistance exercise perspective. However, it should be mentioned that the
sample sizes and number of cases were smaller in categories with higher levels of resistance
exercise, which reduced the statistical power in these groups.
Metabolic syndrome is more prevalent in older and overweight individuals.1 However,
subgroup analyses in our study appear to confirm similar negative trends, although not
significant, for resistance exercise and metabolic syndrome in different BMI (<25 vs ≥25 kg/
m2) and age (<50 vs ≥50 years) groups (data not shown). The lack of statistical significance
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was probably due to the small number of participants and metabolic syndrome cases
across these strata. Nevertheless, the reduced risk of metabolic syndrome by resistance
exercise remained significant after adjusting for BMI and age, and documents consistency
in our findings.
Strengths and limitations
The strengths of this study include a large cohort with a relatively long follow-up time.
Furthermore, we believe that this is the first prospective study that investigated the
association between resistance exercise and incident metabolic syndrome. However,
limitations of our study include self-reported data on PA, which may cause measurement
errors due to overreporting of leisure-time PA30. Nevertheless, over-reporting generally
causes an underestimation of the true effect of exercise on health outcomes31. Only
baseline levels of PA were used for the analyses, therefore changes in PA patterns were
not included in the study. Our study includes primarily well-educated non-Hispanic whites
from middle-to-upper socioeconomic strata, which may limit the generalizability of the
results, thus the findings may be different in other populations. Conversely, homogeneity
in ethnicity and socioeconomic status reduces potential confounding by race/ethnicity,
education, and income. Physiologic characteristics of this cohort are also similar to those of
other representative population samples.21 Another limitation is that we had no information
about medications to include in the analyses. Although we adjusted for potential
confounders such as medical conditions (e.g., hypertension, diabetes, and abnormal
electrocardiographic findings) and lifestyle factors (e.g., smoking, alcohol intake, and body
mass index), randomized controlled trials of resistance exercise are warranted to remove
those confounding biases in the future.

Conclusions
Meeting the resistance exercise guidelines, independent of aerobic exercise, decreases the
risk of development of metabolic syndrome in a middle-aged adult population. In particular,
relatively smaller amounts of resistance exercise, less than 1 hour in 1 to 2 sessions per
week as could be seen in the “weekend warrior” profile, resulted in the highest reduction
in the risk of development of metabolic syndrome, compared with no resistance exercise.
Also, meeting both resistance and aerobic exercise guidelines is superior in preventing
metabolic syndrome. Therefore, resistance exercise, independent of and combined with
aerobic exercise, should be included in one’s PA routines for the prevention of metabolic
syndrome. Clinicians should routinely recommend resistance exercise training, in addition
to aerobic training, for the prevention of metabolic syndrome and future CVD risk. In
addition, individuals with CVD risk factors should consider a more individualized, safe, and
effective exercise program under the direction of a qualified exercise professional.
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Abstract

Purpose. This study aimed to examine the clinical impact of cardiorespiratory fitness (CRF)
and improvements in CRF after cardiac rehabilitation (CR) in heart failure (HF) patients for
their risk for all-cause mortality and unplanned hospitalization, and to investigate possible
factors associated with the absence of improvement in CRF after rehabilitation.
Methods. We included 155 HF patients receiving CR between October 2009 and January
2015. Patients performed an incremental bicycle test to assess CRF through peak oxygen
uptake (VO2-peak) before and after CR-based supervised exercise training. Patients were
classified as responders or non-responders on the basis of pre-to-post CR changes in VO2peak (≥6% and <6%, respectively). Cox proportional hazards models evaluated all-cause
mortality and unplanned hospitalization during 5 year of follow-up. Patient characteristics,
HF features and comorbidities were used to predict changes in VO2-peak using logistic
regression analysis.
Results. Seventy HF patients (45%) were classified as responder. Non-responders had a
significantly higher risk for all-cause mortality or hospitalization (hazard ratio [HR] 2.15,
95% confidence interval [CI] 1.17-3.94) compared with responders. This was even higher in
non-responders with low CRF at baseline (HR 4.88, 95% CI 1.71-13.93). Factors associated
with nonresponse to CR were age (OR 1.07/year, 95% CI 1.03-1.11), baseline VO2-peak
(OR 1.16/ml/min/kg, 95% CI 1.06-1.26) and adherence to CR (OR 0.98/percentage, 95%
CI 0.96-0.998).
Conclusion. Independent from baseline CRF, the inability to improve VO2-peak by CR
doubled the risk for death or unplanned hospitalization. The combination of lower baseline
CRF and nonresponse was associated with even poorer clinical outcomes. Especially older
HF patients with higher baseline VO2-peak and lower adherence have a higher probability
of becoming a non-responder.
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Introduction
Heart failure (HF) is diagnosed in 1% to 2% of the adult population of developed countries
and is characterized by a structural or functional impairment of ventricular filling or ejection.1, 2
HF patients typically suffer from dyspnoea and fatigue, which may limit their habitual
physical activity and contribute to exercise intolerance. Hence, the cardiorespiratory fitness
(CRF) of HF patients is lower compared with age- and sex-predicted reference values.3, 4
Previous studies indicated that CRF is an important predictor for the course of disease,5, 6
with lower CRF being related to an increased risk of cardiovascular events. Improvement of
CRF through exercise training is therefore recommended in HF patients1, 2.
Previous studies in HF patients suggest a potential decline in mortality and
hospitalization rate after standardized cardiac rehabilitation (CR; involving exercise training)
compared with usual care.7,

8

However, significant heterogeneity exists in individual

responses to CR, with some demonstrating no change or even a decline in fitness. It has
been estimated that only half of the HF patients improve their fitness after standardized
CR9, 10, compared with 86% in non-HF individuals11. Evidence is limited whether the absence
of improvement affects future survival and morbidity. Preliminary work suggests that HF
patients with an increased fitness after CR (responders) have a lower risk of all-cause
mortality and hospitalization compared with patients without such improvements (nonresponders).9 Likewise, non-responders demonstrated an increased risk for cardiac events
compared with responders.10 These studies were, however, limited by a low adherence
(40%) to the exercise training sessions. Moreover, the work related to a specific population
of HF patients (i.e. young (systolic) HF patients) and relatively short follow-up.9, 10 Given
the overall health benefits of CR-based exercise programs and the high number of nonresponders, it is relevant to better understand the clinical effect of being a non-responder
and to identify HF patients who are at particular risk for becoming a non-responder.
Therefore, the aim of our study was to compare the risk for morbidity and all-cause
mortality between HF patients responding and nonresponding in CRF improvement after
standardized and supervised exercise training as part of a CR program. We expect that
improvement in CRF after rehabilitation is associated with a reduced risk for morbidity and
all-cause mortality, whereas this observation is independent of pre-rehabilitation levels of
CRF. Furthermore, to better understand the characteristics of a non-responder, we aimed
to predict which HF patients will become a non-responder to CR using personal-, health-,
disease- and exercise training-related characteristics.

Methods
Subjects
All HF patients who followed supervised exercise training as part of a CR program at the
Radboud university medical center or Isala Clinic between October 2009 and January
2015 were eligible for participation in the study. Both patients with a reduced ejection
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fraction (HFrEF) and a preserved ejection fraction (HFprEF) were included if they performed
a baseline and follow-up fitness test. HF patients with a peak respiratory exchange ratio
(RER) of <1.00 at baseline and/or post-training exercise test were excluded from the study
to guarantee the quality of the included data.
Experimental design
At baseline and after completion of the exercise training program, HF patients underwent
cardiopulmonary exercise testing to determine changes in CRF. Absolute change in
physical fitness was assessed by calculation of the difference in peak oxygen uptake
(VO2-peak) between both exercise tests. Relative change was calculated by dividing the
absolute change by the baseline VO2-peak. HF patients were classified as responder if
they demonstrated a relative improvement in VO2-peak ≥6% and as non-responder if the
increase in VO2-peak was <6%. The threshold of 6% improvement was used to compensate
for intertest variability, and an increase of VO2-peak ≥6% was considered as a meaningful
and reliable difference.12
Data related to patient characteristics, unplanned hospitalization and all-cause
mortality were extracted from electronic patient files at both hospitals. The local committee
on research Involving Human Subjects of the region Arnhem and Nijmegen approved the
study, and the study adhered to the Declaration of Helsinki.
Exercise training programs
HF patients participated in four different supervised exercise-training programs, depending
on year of participation and the available program at the medical center. Patients from
the Radboud university medical center participated in: 1) an 8-week exercise program,
consisting of 2 sessions/week at a moderate exercise intensity (n=23); or 2) a 12- week
exercise program, consisting of 2 sessions/week at moderate (n=10) or high exercise
intensity (n=10). Patients from the Isala Clinic participated in 3) a 12-week exercise
program, consisting of 2 sessions/week at a moderate exercise intensity (n=36); or 4) a
24-week exercise program (n=76), consisting of 2 sessions/week at a moderate exercise
intensity. Moderate intensity was defined as BORG rating scale of perceived exertion of
11-15. During high intensity training sessions 10 bouts of 1-minute at 90% of the maximal
workload were alternated by 2.5 minutes at 30% of the maximal workload. Adherence of
HF patients to the exercise program was defined as the total number of training sessions
performed by a patient divided by the total number of training sessions in the program.
This ratio was multiplied by 100 to obtain a percentage.
Cardiopulmonary exercise test
Standardized exercise testing was performed on a bicycle ergometer with increasing
workload until exhaustion. The oxygen consumption was measured by an automated
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system, which was calibrated before every test with both ambient air and a fixed known gas
mixture. During exercise testing, subjects were verbally encouraged to achieve maximum
exertion, evidenced by a RER of ≥1.00. Respiratory gas analysis measured the oxygen
uptake, carbon dioxide production, and ventilation. Gas exchange results were used to
determine the VO2-peak, which was defined as the average VO2 over the last 30 seconds
of the exercise test. The maximal heart rate and workload (Watts) were measured during
the exercise test.
Data extraction
Electronic patient files were used to collect: 1) baseline patient characteristics including age,
sex, body mass index (BMI), current smoking status and comorbidities (diabetes mellitus,
chronic obstructive pulmonary disease and hypertension), and 2) HF characteristics such
as disease aetiology (ischemic versus nonischemic), New York Heart Association (NYHA)
classification, left ventricular ejection fraction, history of atrium fibrillation, medication use
(angiotensin-converting enzyme inhibitor, angiotensin II receptor blocker, beta blocker
agent, aldosterone receptor antagonist, loop diuretic, and statins), and the presence of
medical devices (pacemaker, cardiac resynchronization therapy, or implantable cardioverterdefibrillator). Furthermore, we used all-cause unplanned hospitalization events and allcause mortality as our end points and obtained these from the electronic patient files.
Data analysis
Kaplan–Meier curves and the log-rank test were used to assess the difference in clinical
outcome between responders and non-responders. The end point was any unplanned
hospitalization or all-cause mortality. Patients who did not reach the end point were
censored at the end of the observation period or after 5 years of follow-up. The followup started at the baseline cardiopulmonary exercise test before CR. The crude hazard
rate ratio (HR) with 95% confidence interval (CI) was calculated first by using univariable
Cox proportional hazards modelling. Subsequently, we compared patient characteristics,
HF characteristics, medication use, medical devices and physiological variables between
groups using the chi-squared test for categorical variables, Student’s t-test for normally
distributed continuous variables and the Mann-Whitney U test for not normally distributed
continuous variables. We adjusted the survival analysis with multivariable Cox proportional
hazards modelling for the following possible confounding factors: age, sex, BMI, baseline
VO2-peak, and a cardiac resynchronization therapy combined with implantable cardioverter
defibrillator. The adjusted HR was calculated with a 95% CI.
To calculate the odds of becoming a non-responder, we used univariable logistic
regression and examined the following factors: age, sex, BMI, current smoking status,
comorbidities, disease aetiology, NYHA classification, ejection fraction, history of atrium
fibrillation, medication use, the presence of medical devices (pacemakers, cardiac
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resynchronization therapy, or implantable cardioverter-defibrillator), adherence, duration
and type of the rehabilitation program, and baseline values of VO2-peak, maximum achieved
heart rate and peak work-load. The potential factors were entered into a hierarchical
multivariable logistic regression model using different blocks. In all blocks, backward
selection was used with stepwise removal at P = 0.10 to identify the most predictive
variables. The discriminative performance of the model was assessed by calculating the
area under the receiver operating characteristic curve (AUC).
To calculate the necessary sample size, we performed a power calculation using a
power of 80%, an overall type 1 error of 0.05 (two-sided), and as clinically relevant effect
size an HR of 2. Approximately 145 subjects were needed to obtain the number of required
events (n = 71).13 To develop a prediction model, we used the rule of thumb with minimal
10 events per variable for obtaining a good prediction.14,

15

Statistical analyses were

performed in SPSS 20.0. P < 0.05 was considered statistically significant.

Results
Study population
A total of 187 HF patients met the inclusion criteria of our study. After inspection for data
quality, 32 patients were excluded because of a maximal RER of <1.00 during the maximal
exercise test. As a result, 155 patients were available for analysis (Figure 1), with a median
adherence to the supervised training sessions of 88% and interquartile range of 79%–96%.

Figure 1 | Flowchart of the inclusion of 155 HF patients from Radboud university medical center
and Isala Clinic. The study population consisted of 187 HF patients who met the inclusion criteria.
After inspection for data quality, 32 patients were excluded because of a maximal RER of <1.00 during
the exercise test. The final study population comprised 70 responders and 85 non-responders.

Fitness Improvement and Outcomes in Heart Failure Patients

81

Responders versus non-responders
Seventy HF patients (45%) were classified as responder (Supplemental Figure 1). Nonresponders were more frequently men, had a lower adherence to the rehabilitation program,
had a higher baseline VO2-peak and had a lower post training VO2-peak compared with

responders (Table 1). Age, BMI, current smoking behaviour, and the duration of the
rehabilitation program did not differ between the groups. Likewise, no differences in HF
characteristics, comorbidities, medication use, medical devices and other physiological
data were found.

Figure 2 | Kaplan–Meier curves of the time to death or unplanned hospitalization in 143 HF
patients. In total, 57 HF patients were hospitalized or died during follow-up: 36 non-responders
(46%) and 21 responders (33%). The crude 5-year probability for all-cause mortality or unplanned
hospitalization was 41% for responders and 56% for non- responders (log-rank test, P = 0.12).
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Table 1 | Characteristics of 155 HF patients according to their response to CR.
Responders
(n = 70)

Non-responders
(n = 85)

P-value

Patient characteristics
Age, year
61 (53–67)
63 (55–71)
0.09
Sex (male)
47 (67%)
69 (81%)
0.045
BMI, mean ± SD, kg/m2
28 ± 5.8
29 ± 5.0
0.40
Smoking (current)
16 (23%)
16 (19%)
0.54
Diabetes mellitus (yes)
12 (17%)
9 (11%)
0.24
COPD (yes)
6 (9%)
9 (11%)
0.67
Hypertension (yes)
26 (37%)
38 (45%)
0.34
HF characteristics
Aetiology, ischemic
24 (34%)
40 (47%)
0.11
Baseline NYHA
0.66
I–II
47 (67%)
63 (74%)
III–IV
16 (23%)
18 (21%)
Baseline LVEF
0.79
Worse (G30%)
20 (28%)
21 (25%)
Moderate (30%–45%)
14 (20%)
19 (22%)
Reasonable (45%–55%)
3 (4%)
3 (4%)
Good (955%)
18 (26%)
27 (32%)
Atrium fibrillation (yes)
20 (29%)
27 (32%)
0.67
Medication use
ACEI or ARB
64 (93%)
83 (98%)
0.15
Beta-blocker agent
64 (91%)
75 (88%)
0.52
Aldosteron receptor antagonist
14 (20%)
18 (21%)
0.86
Loop diuretic
61 (87%)
68 (80%)
0.23
Statin
41 (58%)
52 (61%)
0.74
Medical devices
ICD–CRT
13 (19%)
22 (25%)
0.26
Pacemaker
10 (14%)
16 (19%)
0.44
CRT
1 (1%)
1 (1%)
0.90
ICD
15 (21%)
19 (22%)
0.87
Rehabilitation program
Type of rehabilitation
0.36
MIT
64 (91%)
81 (95%)
HIT
6 (9%)
4 (5%)
Duration of rehabilitation, week
20 (12–26)
13 (12–26)
0.79
Adherence to exercise program, %a
91 (81–100)
83 (75–96)
0.028
Physiological parameters
15.2 (13.1–18.6)
16.9 (14.1–20.9)
0.025
Baseline VO2-peak, mL/min/kg
Post-VO2-peak, mL/min/kg
18.8 (15.5–21.9)
15.9 (12.8–19.7)
0.017
Difference VO2-peak, mL/min/kg
224 (162–359)
-43 (-36 to 31)
>0.001
Baseline max. heart rate, bpm
125 (110–143)
127 (109–144)
0.98
Post–max. heart rate, bpm
129 (113–149)
126 (110–139)
0.13
Baseline max. cycle load, W
107 (77–142)
116 (89–149)
0.08
Post–max. cycle load, W
130 (87–165)
120 (88–150)
0.35
Baseline RER
1.16 (1.09–1.22)
1.16 (1.08–1.25)
0.90
Post-RER
1.15 (1.08–1.22)
1.17 (1.09–1.25)
0.22
Data are presented in n (%) unless indicated as mean ± SD and median (Q25–Q75). aData were only
available in 135 patients. ACEI = angiotensin-converting enzyme inhibitor; ARB = angiotensin II
receptor blocker; COPD = chronic obstructive pulmonary disease; CRT = cardiac resynchronization
therapy; HIT = high-intensity training; ICD = implantable cardioverter–defibrillator; LVEF =
left ventricular ejection fraction; MIT = moderate-intensity training; VO2-peak = peak oxygen
consumption; max = maximal.
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All-cause mortality and unplanned hospitalization
One hundred forty-three of 155 HF patients were included in the survival analysis, because
the follow-up data of 12 patients were not accessible for data protection reasons. In total
57 HF patients died or had an unplanned hospitalization: 36 non-responders (46%) and 21
responders (33%). The median follow-up period was 23 months (interquartile range 13–47)
for non-responders and 30 months (15–50) for responders. Figure 2 shows the KaplanMeier curves for time to unplanned hospitalization or death (P=0.12). Non-responders
had a 52% higher risk for death or unplanned hospitalization than did responders (HR
1.52, 95% CI 0.89-2.61). The multivariable Cox proportional hazards regression analysis
showed that the risk for death or unplanned hospitalization was more than twice as high in
non-responders (HR 2.15, 95% CI 1.17-3.94) after adjustment for age, sex, BMI, baseline
VO2-peak and a cardiac resynchronization therapy combined with implantable cardioverter
defibrillator. Subgroup analyses did not show any difference in results for patients with
HFrEF or HFprEF at baseline.
A lower baseline CRF level (VO2-peak <16.5 mL/min/kg) was associated with a 2.76
(95% CI 1.52-5.05) increased risk for all-cause mortality and unplanned hospitalization after
adjustment for age, sex, BMI and response status. Conversely, after adjustment for age, sex,
BMI, and CRF level, non-responders had a 1.80 (95% CI 1.02-3.18) higher risk for all-cause
mortality and unplanned hospitalization. Non-responders with the lowest baseline CRF had
a 4.88 (95% CI 1.71-13.93) higher risk for all-cause mortality or unplanned hospitalization
compared with responders with a high baseline CRF level (Figure 3).

Figure 3 | HR of all-cause mortality or unplanned hospitalization by baseline fitness levels and
response to CR. The dots present HR (95% CI). Higher fitness was defined as a baseline VO2-peak of
>16.5 mL/min/kg and lower fitness as a VO2-peak of ≤16.5 mL/min/kg. HR values were adjusted for
age, sex, and BMI.
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Predicting response to exercise training
We identified age, sex, aetiology of HF, use of angiotensin-converting enzyme inhibitor
or angiotensin II receptor blocker, loop diuretics, pacemaker, baseline VO2-peak and
adherence to the exercise program as potential factors associated with becoming a nonresponder to CR-based exercise training (Supplemental Table 1). Multivariable logistic
regression analysis revealed that HF patients of higher age (odds ratio [OR] 1.07/year,
95 % CI 1.03–1.11), higher baseline VO2-peak (OR 1.16/ml/min/kg, 95% CI 1.06–1.26)
and adherence to the exercise program (OR 0.98/percentage, 95% CI 0.96–0.998) were
associated with being a non-responder. The performance of the prediction model is shown
in Figure 4 and demonstrates an AUC of 0.73 (95% CI 0.65–0.82).

Figure 4 | Discriminative performance of the prediction model for nonresponse to exercise
training. The prediction model included age, baseline VO2-peak, and adherence to the exercise
program. The receiver operating characteristic curve had an AUC of 0.73 (95% CI, 0.65–0.82).

Discussion
As many as 55% of 155 HF patients did not increase VO2-peak after supervised exercise
training sessions in a CR program. More importantly, HF patients classified as nonresponders to CR had a 2.15 times higher risk for all-cause mortality or unplanned
hospitalization compared with responders after adjustment for possible confounders. The
increased risk for all-cause mortality or unplanned hospitalization for non-responders was
independent of prerehabilitation CRF levels. In addition, non-responders with lower CRF
levels had the worst prognosis for unplanned hospitalization and all-cause mortality. Taken
together, our data reinforce the clinical importance of baseline CRF levels and the ability to
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improve fitness after exercise training. To predict nonresponse to CR, we found that higher
age, lower adherence and higher baseline VO2-peak were significantly associated with of
nonresponse status.
Nonresponse, all-cause mortality, and unplanned hospitalization
We found that 85 HF patients (55% of study population) were classified as non-responders
to exercise training. Although this prevalence is remarkably high, our findings are in line
with most (50%-56% non-responders)9, 10, but not all (0.9% non-responders)16, studies
assessing changes in VO2-peak after CR. The conflicting outcomes are probably related
to the definition of being a non-responder. For example, the study of Leifer et al.16 with
a prevalence of 0.9% non-responders defined nonresponse as a decrease in VO2-peak
≥5 ml/min/kg, whereas we and others9, 10 defined nonresponse as a lack of increase in
VO2-peak after exercise training. Nonetheless, our data provide further evidence that the
presence of non-responders in HF patients who participate in CR programs is larger than
typically observed in a healthy patient cohort.
In line with our observations, previous work found that HF patients benefit from
exercise training.7, 17-19 Data from the HF-ACTION trial revealed a 5% higher risk for allcause mortality or all-cause hospitalization in non-responders compared with responders
after 3 years of follow-up.9 The benefits of VO2-peak improvement were much larger in our
study population as we found a 2.15 higher risk (HR 2.15, 95% CI 1.17–3.94) for all-cause
mortality or unplanned hospitalization in non-responders versus responders after 5 years
of follow-up. However, comparison between the HF-ACTION trial and this study is limited
because HF-ACTION only included HFrEF patients and this study included both HFrEF
and HRprEF. In addition, apart from a longer follow-up time, the difference in risk reduction
between our study and HF-ACTION may also relate to study cohort characteristics.
Compared with the HF-ACTION trial, our HF patients were more often classified as NYHA
classification I or II, showed a lower prevalence of ischemic aetiology and a higher baseline
peak-VO2 (16.5 versus 15.0 ml/min/kg), and had a relatively high adherence (median, 88%).
These factors (i.e. lower NYHA classification, nonischemic aetiology20, higher CRF6) are
typically associated with better survival in HF patients. This suggests that less severe HF
patients may have greater health benefits from CRF improvements after CR. Future studies
are required to better understand this relation.
In examining the benefits of CR it is important to take pre-rehabilitation levels of fitness
into consideration because previous work found that fitness may represent the strongest
predictor for (all-cause) mortality and morbidity in HF patients.5, 6 In agreement with this
previous research, we found that baseline fitness levels are strongly and independently
related to mortality or hospitalization. Taking both baseline fitness and change in fitness
post rehabilitation into consideration, we found that non-responders with lower fitness
levels had the highest risk for adverse clinical outcomes. These data show for the first time
that, both, lower baseline fitness levels and nonresponse to CR are independently and in
combination associated with an increased risk for adverse events in HF patients.
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Prediction of nonresponse
In this study, we tried to identify factors that predict nonresponse to exercise training in HF
patients, because this response is related to future adverse events. We demonstrated that
older HF patients with a relatively high baseline VO2-peak and lower adherence were more
often non-responders. These findings align with observations from other studies. A metaanalysis in HF patients showed that lower age was associated with larger improvements of
VO2-peak.21 Also, HF patients with higher VO2-peak had smaller improvements in fitness
after exercise training.22, 23 Medication use was not associated with response status and did
not significantly change during CR within both groups. Therefore, we do not expect an
interaction of medication in relation to performance outcomes. Our prediction model had
an AUC of 0.73, which indicates that the discriminative power of our model is not sufficient
for direct implementation in clinical practice. Nonetheless, we have identified factors
that significantly contribute to the prediction whether CRF improves after training. The
addition of chonotropic incompetence24 and parameters reflecting severe hemodynamic
dysfunction25, 26 and cardiac dimensions27, 28 may further improve its predictive capacity and
warrant further investigation.
Clinical relevance
The observation that nonresponse to CR training is related to increased all-cause mortality
or hospitalization has important clinical consequences. Independent of baseline fitness
levels, the inability to improve fitness after exercise training increases the risk for adverse
events. Especially non-responders with lower baseline fitness are at high risk for adverse
events. This further emphasizes the importance of nonresponse in CR. Nonmodifiable
factors (age, baseline VO2-peak) contribute to early identification, which may lead to the
prescription of a different type of CR. For example, non-responders might benefit from
other types of exercise interventions such as high-intensity interval training or resistance
training to improve their physical fitness. Literature revealed that HF patients performing
high- or vigorous-intensity exercise programs have a higher increase in the VO2-peak
compared with moderate-intensity programs17, 29 and are less likely to show a nonresponse
to training. Resistance exercise improves muscle mass, strength, and muscular fitness in HF
patients30-32 and therefore might increase cardiovascular fitness by optimizing the response
to aerobic conditioning. In fact, the combination of aerobic and resistance exercise training
seemed to be superior for improving submaximal exercise capacity and health-related
quality of life compared with aerobic exercise only.33 In addition, HF patients who remain
to be non-responders may have to increase training frequency.34 Such approaches may
contribute to a reduction of future adverse events in this vulnerable group. Finally, strong
adherence to exercise training should be encouraged in HF patients, because adherence
is a significant and, more importantly, modifiable factor for being a non-responder to CR.
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Strengths and limitations
This study included typical HF outpatients, which increases the external validity of our
study. In addition, there were no dropouts during follow-up, which means that all censoring
was noninformative and therefore unrelated to patient prognosis. A limitation of our study
may relate to the exclusion of 17% of eligible HF patients because to an insufficient RER
during the exercise test. However, to guarantee the quality of the achieved maximal VO2
and thereby the stratification into responder versus non-responder, it was inevitable to
exclude those patients. Furthermore, it was not feasible to use standardized meals before
exercise testing. Also, no data about diet or water consumed before the exercise test,
which may influence the VO2-peak were available.

Conclusions
Non-responders to exercise training had a 2.15 higher risk for all-cause mortality or
unplanned hospitalization compared with responders after adjustment for possible
confounders, a finding independent from other prognostic markers for adverse events
(including baseline levels of fitness). This observation is of clinical importance since half
of the HF patients participating in a CR-based supervised exercise training program was
unable to significantly improve VO2-peak. Higher age and baseline VO2-peak, and lower
adherence were identified as independent factors associated with nonresponse to CRbased exercise training in HF patients.
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Supplemental Figures

Supplemental Figure 1 | Relative difference in VO2-peak (%) between baseline and post exercise
training values. Responders are presented in dark grey and non-responders in light grey. The dashed
line represents a 6% improvement in VO2-peak, which was the cut-point for being a responder or
non-responder.

Supplemental Tables
Supplemental Table 1 | Predictors of non-response to exercise training in 155 heart failure
patients using univariate logistic regression.
Parameters
Patient characteristics
Age (median, years)
Sex (male)
BMI (kg/m2)
Smoking (current)
Diabetes mellitus (yes)
COPD (yes)
Hypertension (yes)
Heart failure characteristics
Aetiology, ischemic
Baseline NYHA (I-II)
Baseline LVEF
worse (<30%)
moderate (30-45%)
reasonable (45-55%)
good (>55%)
Atrium fibrillation (yes)
Medication use
ACEI or ARB
Beta blocker agents
Aldosteron receptor antagonist
Loop diuretics
Statins
Medical devices
ICD-CRT
Pacemaker
CRT
ICD
Rehabilitation program
Type of rehabilitation*
MIT
HIT
Duration of rehabilitation (weeks)
Adherence to exercise program (%)†
Physiological parameters
Baseline VO2-peak (ml/min/kg)
Baseline max. heart rate (beats/min)‡
Baseline max. cycle load (Watt)‡
*

Odds ratio

95% CI

P-value

1.03
0.47
1.03
0.78
0.57
1.26
1.37

1.00-1.05
1.01-4.41
0.97-1.09
0.34-1.71
0.23-1.45
0.43-3.74
0.72-2.61

.07
.05
.40
.54
.24
.67
.34

1.70
1.19

0.89-3.27
0.55-2.58

.11
.66

0.70
0.91
0.67
REF
1.16

0.30-1.65
0.36-2.25
0.12-3.68

.41
.83
.64

0.58-2.32

.67

3.24
0.58
1.06
0.53
1.07

0.61-17.25
0.19-1.80
0.48-2.31
0.21-1.30
0.56-2.06

.17
.35
.89
.16
.83

1.55
1.71
1.51
1.46

0.72-3.38
0.89-3.28
0.71-3.22
0.77-2.79

.27
.11
.29
.25

1.90
REF
0.99
0.98

0.51-7.01

.34

0.95-1.04
0.97-1.00

.76
.06

1.07
1.00
1.01

1.01-1.14
0.99-1.01
0.99-1.01

.03
.91
.07

excluded in multivariable model due to low numbers. †data was only available in 135 patients.
excluded in multivariable model due to high correlation with VO2-peak. BMI = body mass index,
COPD = chronic obstructive pulmonary disease, NYHA= New York Heart Association classification,
LVEF = left ventricular ejection fraction, ACEI = angiotensin-converting enzyme inhibitor,
ARB=angiotensin II receptor blocker, ICD = implantable cardioverter defibrillator, CRT = cardiac
resynchronization therapy, MIT= moderate intensity training, HIT=high intensity training, REF=
reference, VO2-peak = peak oxygen consumption, max.= maximal and RER=respiratory exchange
ratio.

‡

Chapter 5

An ounce of prevention is worth a pound of cure.
- Benjamin Franklin

Cardiovascular health status
alters the dose-response
relationship between moderate
to vigorous physical activity and
incident morbidity and mortality
among 143,070 adults: the
Lifelines Cohort Study

Esmée A. Bakker
Duck-chul Lee
Maria T.E. Hopman
Eline J. Oymans
Paula M. Watson
Paul D. Thompson
Dick H.J. Thijssen
Thijs M.H. Eijsvogels

Submitted

94

Chapter 5

Abstract

Background. Regular moderate to vigorous physical activity (MVPA) is strongly associated
with risk reductions of non-communicable diseases and mortality. Cardiovascular health
status may influence the benefits of MVPA. This study compared the association between
MVPA and incident major cardiovascular events (MACE) and mortality between healthy
individuals, individuals with cardiovascular risk factors (CVRF), and cardiovascular disease
(CVD).
Methods. We used prospectively collected data from 142,493 participants in the Lifelines
Cohort Study and stratified participants as: 1) healthy , 2) CVRF, or 3) CVD. Individuals
were categorised into “inactive” and 4 quartiles of least (Q1) to most (Q4) physically active
based on self-reported volumes of total and domain-specific MVPA. The primary outcome
was a composite of incident MACE and all-cause mortality. Multivariate Cox regression
was used to estimate adjusted hazard ratios (HRs) and 95% confidence intervals (95% CIs)
of MACE and all-cause mortality by total and domain-specific MVPA in healthy, CVRF and
CVD.
Results. During a median follow-up of 7 years (IQR 6-9), 2,485 events occurred in the
healthy (2% of n=112,018), 2,214 in the CVRF (8% of n=27,982), and 1,019 in the CVD
(41% of n=2,493) subgroups. After adjusting for confounders and compared to the inactive participants, HRs in the healthy individuals were 0.81 (0.64-1.02), 0.71 (0.56-0.89),
0.72 (0.57-0.91) and 0.76 (0.60-0.96) in total MVPA Q1-Q4, respectively. In individuals
with CVRF, HRs were 0.69 (0.57-0.82), 0.66 (0.55-0.80), 0.64 (0.53-0.77) and 0.69 (0.570.84) in total MVPA Q1-Q4, respectively. Finally, HRs for MVPA Q1-Q4 were 0.80 (0.621.03), 0.82 (0.63-1.06), 0.74 (0.57-0.95) and 0.70 (0.53-0.93) in CVD patients, and only
significantly lower in the two most active groups. Leisure MVPA was associated with the
most health benefits, non-leisure MVPA with little health benefits and occupational MVPA
with no health benefits.
Conclusions. MVPA is beneficial for reducing adverse outcomes, but the shape of the
association depends on cardiovascular health status and the domain in which MVPA is
performed. Current study results could further optimize PA recommendations, so that
every individual, irrespective of cardiovascular health status, can optimally benefit from a
physically active lifestyle.
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Introduction
Regular physical activity (PA) is strongly associated with risk reductions of non-communicable
diseases and mortality.1-3 The World Health Organisation4,

5

recommends that adults

perform at least 150 minutes/week of moderate-intensity PA, or at least 75 minutes/week
of vigorous-intensity PA, or an equivalent combination of the two. These physical activity
guidelines adopt a ‘one size fits-all’-approach and do not differentiate between healthy
individuals and those with chronic health conditions, such as individuals with cardiovascular
risk factors (CVRF) or cardiovascular disease (CVD). This is especially relevant, given the
debate as to whether health status affects the dose-response association between PA and
event rate.1, 6
Data from the general population indicate that the benefits of PA on mortality
and morbidity follow a curvilinear dose-response relationship,1, 6-8 indicating that mild or
moderate volumes of PA yield a large risk reduction, whereas further increases in exercise
volumes produce smaller additional reductions. In contrast, studies among CVD patients
show conflicting results. Some studies found a linear association between PA and mortality
reductions,9-11 whereas others support the presence of a reverse J-shaped or U-shaped
relationship.12-15 An important limitation of these studies is the inclusion of a single group
only, with no study directly comparing the PA dose-response relationship among individuals
with different cardiovascular health status.
The present study compared the association between the dose of moderate to
vigorous (MV) PA and adverse cardiovascular events (MACE) and all-cause mortality across
healthy individuals, individuals with CVRF and individuals with CVD. We also examined
the impact of the specific types of MVPA, including leisure, non-leisure and occupational
activities on the outcomes, as recent studies suggested that the PA health benefits may
differ across the domain in which PA was performed16. We hypothesized that the inverse
curvilinear relationship between MVPA volumes and the risk of adverse outcomes, such as
typically observed in the general population, will be attenuated in individuals with CVD.

Methods
Study population
This study used data from the Lifelines Cohort Study; a multi-disciplinary, prospective,
population-based cohort of 167,729 individuals living in the northern part of the
Netherlands. Lifelines uses a broad range of procedures to assess the biomedical, sociodemographic, behavioural, physical and psychological factors that contribute to health
and disease17, 18. All inhabitants of the northern Netherlands were eligible for Lifelines
except for individuals with 1) severe psychiatric or physical illness; 2) life expectancy <5
years based on the assessment of the general practitioner; and 3) lack of fluency in Dutch.
Participants ≥18 years old (n= 152,739) were included. Participants were excluded from
analyses when; 1) no PA data was available (n=8,666); 2) the participant had an amputated
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foot or leg preventing them from participating in regular PA (n=165); or 3) the participant
had a disease influencing their ability to be physically active, including multiple scleroses
(n=347) and Parkinson’s disease (n=76) (Supplemental Figure 1). Participants provided
written informed consent as approved by the University Medical Center Groningen medical
ethical committee.

Physical examination and questionnaire
Participants received a physical examination and completed a baseline questionnaire
between 2006 and 2013. The physical examination included anthropometric and blood
pressure (BP) measurements. Resting systolic and diastolic BP was based on the average
of 10 measurements obtained over 10 minutes using an automated sphygmomanometer
(Dynamap, PRO 100V2). Blood samples were obtained after >8-hour of fasting for
measurement of total, HDL, and LDL cholesterol, triglycerides and serum creatinine. Renal
function (eGFR) was estimated19.
Questionnaires obtained general, lifestyle, and medical data. General information
included age, sex, postal code, education level and income. Income was estimated from
Statistics Netherlands20 using postal codes when not reported. Lifestyle factors included
smoking status, alcohol consumption, nutrition intake and hours of sleep per night. High
alcohol consumption was defined as >14 drinks/week or >4 drinks/day for men, and >7
drinks/week or >3 drink/day for women21. Smoking status was categorised as currently,
previously and never. Packyears were calculated. Dietary caloric (kcal), protein (g/day),
fat (g/day), and carbohydrate (g/day)) intake were assessed using a Food Frequency
Questionnaire (FFQ)22. Total calories (kcal), and protein, fat and carbohydrates intake (grams/
day) were calculated from the FFQ. The medical history included medication use, presence
of CVD, comorbidities and other illnesses, including cancer, arthritis, multiple sclerosis and
Parkinson’s disease. QoL was assessed using the Short Form Health survey (RAND 36)23.
Details on the physical examination and questionnaires are described elsewhere17, 18.
Habitual PA volumes
Baseline PA was assessed using the Short Questionnaire to Assess Health-enhancing
Physical Activity (SQUASH)24. SQUASH is divided into transportation, occupation,
household, and leisure domains and asks for the duration and intensity of an individual’s
typical weekly activities over the past 3 months. Weekly physical activities were converted
to the average amount of metabolic equivalent of task (MET) minutes per week based on
the compendium of physical activities25. MET-minutes were calculated by multiplying the
MET-values of each activity by the duration. Only activities with a moderate to vigorous (≥
3 MET) intensity were included, since these activities are specified in the PA guidelines4, 5.
Leisure MVPA contained all activities performed during leisure time. Non-leisure MVPA was
defined as PA during transportation, occupation and household activities. Sub-analyses for
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occupational MVPA were performed, since previous studies suggest a potential harmful
health effect of occupational PA16. Total and domain-specific MVPA was used to categorize
individuals as inactive individuals (0 MET-minutes/week of MVPA) and into quartiles of
MVPA volumes (>0 MET-minutes/week; Q1-Q4).
Health status
Participants were divided at baseline into: 1) healthy, 2) increased CVRF, or 3) CVD. Healthy
individuals did not have any CVRF or known CVD. Individuals with CVRF had at least one of
the following at baseline; 1) self-reported hypertension, hypercholesterolemia or diabetes,
and used blood pressure lowering, cholesterol lowering or diabetic medications; or 2) had
cholesterol levels ≥6.5 mmol/L, or glucose levels >6.9 mmol/L fasting or >11.0 mmol/L
non-fasting

26, 27

. Individuals with CVD reported a history of heart failure, myocardial

infarction or stroke, and used cardiovascular medication for these conditions at baseline.
Clinical outcomes
The primary end-point was a composite of overall adverse events including MACE and allcause mortality including CVD mortality. Secondary outcomes were all-cause mortality or
a composite of total CVD mortality and MACE. The national death and hospital registry of
Statistics Netherlands were used to determine the primary and secondary outcomes. CVD
mortality was based on the International Statistical Classification of Disease and Related
Health Problems 10th Revision (ICD-10)28, and included heart, essential hypertension,
hypertensive renal, and cerebrovascular diseases deaths (I00-I78)28. MACE was defined as
ST-elevated (STE) myocardial infarct (MI), non-ST-elevated (NSTE) MI, stroke, chronic heart
failure, acute heart failure, and major cardiothoracic interventions such as coronary artery
bypass grafting (CABG), acute and elective percutaneous coronary intervention (PCI),
and heart transplantation. MACE was classified using the diagnosis-treatment codes of
the insurance claims from the hospital registry of Statistics Netherlands, and self-reported
MACE events during follow-up. Participants were followed until the first MACE event or
death, whichever occurred first. Participants who did not reach the end-point were censored
at the end of the last assessment.
Statistical analyses
Baseline characteristics were described for each group by cardiovascular health status.
Normally distributed data were presented with mean (± standard deviation; SD), and nonnormally distributed data with the median [interquartile range; Q25-Q75]. For categories, the
frequency with percentages were used to describe the data. To compare the differences
between the three groups at baseline, one-way independent ANOVA, Kruskal-Wallis tests,
and χ2 tests were performed.
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Stratified Kaplan-Meier curves and log-rank tests were conducted to assess differences in
outcomes between physically inactive and active individuals in each participant group. The
crude and adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated
using univariate and multivariate Cox proportional hazards modelling. The proportional
hazards assumptions were examined, and no appreciable violations were noted. Separate
models were fitted for those with and those without CVRF or CVD. Model 1 was adjusted
for age and sex. Model 2 was further adjusted for income, education, alcohol consumption,
smoking, protein, fat and carbohydrate intake (g/day), kidney function, arrhythmias,
hypothyroid, lung disease, osteoarthritis and rheumatoid arthritis. Model 3 was further
adjusted for factors within the causal pathway for CVD: glucose, total cholesterol, diastolic
and systolic BP, BMI and sleep. Adjustment for covariates were similar for total, non-leisure
and occupational MVPA, but non-leisure MVPA was added to model 2 while examining
the association between leisure MVPA and outcome. Physically inactive individuals were
set as the reference group. To investigate whether the dose-response relationship was
moderated by cardiovascular health status, we tested interaction terms of health status
(healthy, CVRF and CVD) and MVPA quartiles using Cox regression in the entire study
population. In addition, to examine the shape of the dose-response associations between
MVPA and the primary outcome, we performed restricted cubic spline regression analyses.
We tested 3 (knots location at 0.10, 0.50 and 0.90 percentile), 4 (knots location at 0.05,
0.35, 0.65 and 0.95 percentile) and 5 knots (knots location at 0.05, 0.275, 0.50, 0.725 and
0.95 percentile), and calculated the Akaike information criterion to identify the best fit
model29.
Missing data of covariates were imputed with multiple imputations by chained
equations with predictive mean matching30 since 14% (n=20,321) of the individuals had
missing data for one of the covariates used in the model adjustments. We checked patterns
of missing data and followed the ‘missing at random’ assumption. All available variables
were used to predict missing values in 5 imputed datasets with 20 iterations. Healthy
convergence, imputed distribution and plausibility were verified. Furthermore, pooled
estimates were derived from the imputed datasets.
All statistical analyses were performed in R version 3.5.2 using the packages: survival31,
survminer32, mice30, and rms33. P-values <0.05 were considered statistically significant.

Results
Study population
A total of 143,483 participants were evaluated for inclusion; 990 were excluded, because
of failure to merge with the national databases (n=125), missing date of inclusion (n=288),
missing heath status (n=11), or CVD patients without any cardiovascular medication use
(n=566), leaving 142,493 participants available for analyses (Supplemental Figure 1). Mean
age (42 yrs [SD 12)), proportion of males (40%) and BMI (25 [IQR 23 - 28] were lower in the
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healthy individuals than in those with CVRF (54 yrs [SD 11], 45% male, BMI 27 [25, 30]) or
those with CVD (60 yrs [SD 11], 65% male, BMI 28 [25, 31]) (Table 1). Healthy individuals
were more often current smokers, had lower systolic and diastolic BP and triglycerides,
higher HDL, lower serum creatinine, and fewer comorbidities. MVPA volumes were highest
in healthy individuals (3,666 MET-min/wk [Q25 1,825; Q75 7,344]), followed by individuals
with CVRF (3,420 MET-min/wk [Q25 1,674; Q75 6,567]) and CVD (3,333 MET-min/wk [Q25
1,460; Q75 6,093]). MVPA was mostly performed during leisure time in all three groups. The
median percentage of MVPA spent during leisure time was 68% for the healthy, 78% for
CVRF and 89% for CVD.

5

Clinical outcomes
During a median follow-up of 7 years (IQR 6-9), 5,799 participants reached the primary endpoint: 1,605 died and 4,194 had a MACE. The event rates were 2.2% in healthy individuals
(2,485 of 112,018), 7.9% in those with CVRF (2,214 of 27,982) and 40.9% in those with
CVD (1,019 of 2,493). Stratified unadjusted Kaplan Meier analyses showed a significantly
higher event free survival among the active individuals compared to inactive individuals,
independent of health status (Figure 1).
Table 1 | Baseline characteristics of the study population stratified by health status.
Healthy individuals
N= 112,018

Individuals with
CVRF N= 27,982

Individuals with
CVD N= 2,493

Sex (male)

44,924 (40%)

12,561 (45%)

1.620 (65%)

Age (years)

42 (12)

54 (11)

60 (11)

Income x € 1000/year

28 (5)

28 (5)

28 (5)

28,009 (26%)
46,221 (42%)
35,577 (32%)
25 [23, 28]

11,851 (44%)
8,937 (33%)
6,282 (23%)
27 [25, 30]

1,219 (51%)
671 (28%)
495 (21%)
28 [25, 31]

54,253 (49%)
32,622 (30%)
23,816 (22%)

10,394 (37%)
12,208 (44%)
5,174 (19%)

656 (26%)
1,400 (56%)
427 (17%)

80,089 (76%)
25,564 (24%)

20,269 (75%)
6,612 (25%)

1,942 (81)
455 (19)

3,666 [1,825; 7,344]
1,953 [930, 3531]
816 [258, 3318]
0 [0, 1950]

3,420 [1,674; 6,567]
2,072 [930, 3780]
516 [22, 2055]
0 [0, 0]

3,333 [1,460; 6,093]
2,160 [900, 4050]
258 [0, 1548]
0 [0, 0]

General characteristics

Education level
low
moderate
high
BMI (kg/m2)
Lifestyle characteristics
Smoking status
Never
Previous
Current
Alcohol consumption
low
high
Total physical activity volumes
(MET-minutes/week)
Total
Leisure
Non-leisure
Occupation
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Table 1 continued
Healthy individuals
N= 112,018

Individuals with
CVRF N= 27,982

Individuals with
CVD N= 2,493

1,890 (866)
69 (29)
75 (38)
213 (102)

1,859 (751)
70 (26)
74 (34)
204 (87)

1,865 (700)
71 (25)
74 (33)
205 (83)

Medication use
Antiplatelet
Anti-hypertensive

94 (0%)
211 (0%)

83 (0%)
7,364 (26%)

136 (6%)
1,130 (45%)

Anti-coagulant

335 (0%)

424 (2%)

279 (11%)

731 (1%)
244 (0%)
1,066 (1%)
291 (0%)
213 (0%)
204 (0%)

1,660 (6%)
343 (1%)
5,271 (19%)
1,956 (7%)
4,650 (17%)
6,126 (22%)

1,621 (65%)
113 (5%)
1,137 (46%)
417 (17%)
499 (20%)
1,454 (58%)

6 (0%)

305 (1%)

114 (5%)

General characteristics
Nutrition intake
Calories (kcal)
Protein (g/day)
Fat (g/day)
Carbohydrate (g/day)

Acetylsalicylic
Anti-arrhythmic
Betablocker
Calcium antagonist
Diuretics
Statins
Alternative cholesterol
lowering medication
Anti-diabetics
Confirmed medication
for CVD
Health characteristics
Systolic blood pressure
(mmHg)
Diastolic blood pressure
(mmHg)
Total cholesterol (mmol/L)
LDL cholesterol (mmol/L)
HDL cholesterol (mmol/L)

1.5 (0.4)

1.47 (0.43)

1.33 (0.37)

0.9 [0.7; 1.3]

1.3 [1.0; 1.9]

1.2 [0.9; 1.7]

99.8 [89.1; 100.0]

90.7 [79.8; 100.0]

85.5 [73.5, 95.5]

0 (0%)
0 (0%)
0 (0%)
6,098 (5%)
2,741 (2%)
13,238 (12%)
6,159 (6%)

3,411 (12%)
12,300 (44%)
18,004 (65%)
3,566 (13%)
1,307 (5%)
3,550 (13%)
4,045 (15%)

303 (12%)
1,258 (51%)
1,278 (51%)
807 (32%)
94 (4%)
379 (15%)
432 (17%)

1,890 (2%)

946 (3%)

123 (5%)

Triglycerides (mmol/L)
Renal function
(mL/min/1.73 m2)

0 (0%)

2,121 (8%)

200 (9%)

0 (0%)

0 (0%)

1,881 (75.5%)

123 (14)

133 (16)

130 (17)

73 (9)

77 (10)

74.62 (9)

4.9 (0.8)

5.87 (1.28)

4.56 (1.05)

3.1 (0.8)

3.89 (1.16)

2.87 (0.95)

Presence of comorbidities
Diabetes
Hypertension
Hypercholesterolemia
Arrhythmia
Hypothyroid
Lung disease
Osteoarthritis
Rheumatoid arthritis

Data are presented as mean (SD), median [Q25, Q75] and n (%).
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Health benefits of PA
Active individuals in general showed lower risk of all-cause mortality and MACE compared
to inactive individuals (Table 2 and Figure 2). After adjustment for confounders (model
2), healthy individuals demonstrated significantly lower HRs within the second, third and
fourth quartile of total MVPA, compared to inactive individuals. Subjects with CVRF had
significantly lower HRs within all quartiles of total MVPA. The P-value for a linear trend of
MVPA was not statistically significant in both healthy and CVRF (P-value 0.36 and 0.86,
respectively). In contrast, in subjects with CVD, only the third and fourth most active quartiles
showed significant reductions in all-cause mortality and MACE and the P-value for a linear
MVPA trend was statistically significant (P-value = 0.04). Accordingly, the relationship
between MVPA and health outcomes differed between healthy individuals and those with
CVD (P-value for effect modification / interaction: Q1 p=0.39, Q2 p=0.01, Q3 p=0.20,
Q4 p=0.11; Table 2 and Figure 2). After further adjustment for additional covariates (i.e.
mediators; model 3), reductions in adverse outcomes persisted with increasing MVPA, but
many estimates were no longer statistically significant, especially in healthy individuals.
Repeating these analyses for secondary outcomes largely reinforced the relation between
MVPA and event rate (Supplemental Table 1).

5

Figure 1 | Unadjusted Kaplan–Meier estimates of all-cause mortality and major adverse cardiovascular events for quartiles of total moderate to
vigorous physical activity during follow-up stratified for healthy individuals (A), individuals with CVRF (B) and individuals with CVD (C). Inactive
participants had a significantly lower event-free survival compared with physically active individuals (Q1-Q4).
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Table 2 | Hazard ratios (95% CI) for the adverse outcomes by total moderate to vigorous
physical activity.
Primary outcome - All-cause mortality and incident MACE
Total physical activity
(MET-min/week)
Healthy individuals
Continuous
Continuous per 500
MET-min/week
P for linear trend
Quartiles
Inactive
Q1 1-1912
Q2 1913-3690
Q3 3690-7257
Q4 >7527
Individuals with CVRF
Continuous
Continuous per 500
MET-min/week
P for linear trend
Quartiles
Inactive
Q1 1-1912
Q2 1913-3690
Q3 3690-7257
Q4 >7527
Individuals with CVD
Continuous
Continuous per 500
MET-min/week
P for linear trend
Quartiles
Inactive
Q1 1-1912
Q2 1913-3690
Q3 3690-7257
Q4 >7527

Model 1, adjusted for
age and sex

Model 2, adjusted for
confounders*

Model 3, adjusted
for confounders and
mediators †

0.999 [0.999;1.00]
0.998 [0.993;1.00]

0.999 [0.999;1.00]
0.997 [0.993;1.00]

1.00 [0.999;1.00]
0.999 [0.994;1.00]

0.31

0.36

0.57

1
0.68 [0.54;0.86]
0.57 [0.45;0.72]
0.57 [0.45;0.72]
0.63 [0.50;0.80]

1
0.81 [0.64;1.02]
0.71 [0.56;0.89]
0.72 [0.57;0.91]
0.76 [0.60;0.96]

1
0.88 [0.70;1.12]
0.81 [0.64;1.02]
0.85 [0.67;1.08]
0.91 [0.72;1.15]

1.00 [1.00; 1.00]
0.998 [0.993;1.00]

0.999 [0.999;1.00]
0.999 [0.995;1.00]

1.00 [0.999;1.00]
1.00 [0.999;1.00]

0.44

0.86

0.16

1
0.65 [0.54;0.79]
0.60 [0.50;0.73]
0.58 [0.48;0.70]
0.63 [0.52;0.76]

1
0.69 [0.57;0.82]
0.66 [0.55;0.80]
0.64 [0.53;0.77]
0.69 [0.57;0.84]

1
0.76 [0.63;0.92]
0.77 [0.64;0.93]
0.76 [0.63;0.92]
0.83 [0.68;1.02]

0.999 [0.999; 0.999]
0.989 [0.98;0.997]

0.999 [0.999; 0.999]
0.991 [0.983;0.999]

0.999 [0.999; 0.999]
0.993 [0.984;1.00]

0.01

0.04

0.08

1
0.71 [0.56; 0.91]
0.68 [0.53; 0.89]
0.62 [0.48; 0.80]
0.61 [0.47; 0.80]

1
0.80 [0.62; 1.03]
0.82 [0.63; 1.06]
0.74 [0.57; 0.95]
0.70 [0.53; 0.93]

1
0.79 [0.62; 1.02]
0.81 [0.62; 1.05]
0.74 [0.57; 0.96]
0.72 [0.54; 0.94]

Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income,
education, alcohol consumption, smoking behaviour (packyears), nutrient intake (i.e. protein (g/
day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease,
osteoarthritis and rheumatoid arthritis. †Model 3 was further adjusted for mediators: glucose levels,
total cholesterol, diastolic blood pressure, systolic blood pressure, BMI, and sleep.
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Cardiovascular risk factors

Cardiovascular disease

Cardiovascular risk factors

Cardiovascular disease

Cardiovascular disease

Cardiovascular risk factors

Non-leisure time physical activity
Healthy

Cardiovascular disease

Cardiovascular risk factors

Occupational physical activity
Healthy

Figure 2 | Quartiles of total and domain-specific moderate to vigorous physical activity associated with all-cause mortality and major adverse cardiovascular
events stratified on health status. HRs were adjusted for age, sex, income, education, alcohol consumption, smoking behaviour (packyears), nutrient intake (i.e.
protein (g/day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease, osteoarthritis and rheumatoid arthritis.

Leisure time physical activity
Healthy

Total physical activity
Healthy
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Dose-response relationship of total PA
The minimum volume of total MVPA, estimated by the restricted cubic spline regression
model, to significantly reduce the risk of all-cause mortality and MACE was higher in CVD
individuals (i.e. ~6620 MET-min/week) compared to healthy individuals (i.e. ~180 METmin/week) and those with CVRF (i.e. ~150 MET-min/week) (Figure 3). Increasing MVPA
levels further reduced risk in all groups, with a maximum effect in the healthy individuals
and CVRF at MVPA levels of up to ~3,400 and ~2,100 MET-minutes/week, respectively
(Figure 3). Levels of MVPA above these values did not provide additional health benefits. In
contrast, higher MVPA levels in CVD patients did not reach a maximal effect and provided
additional health benefits, although the additional improvement became smaller at higher
MVPA. The magnitude and shape of the dose-response relationship of total MVPA and the
primary outcome differed significantly between healthy individuals and those with CVD at
the first part (i.e. at lower MVPA levels) of the dose-response association (P-value for effect
modification / interaction: spline 1=0.004, spline 2= 0.04, spline 3=0.08, spline 4=0.21).
Furthermore, P-values of non-linearity were statistically significant for healthy individuals
and those with CVRF (P-value = 0.002 and P-value <0.001, respectively), suggesting a
non-linear association between MVPA and MACE and mortality. P-value of non-linearity
in individuals with CVD was 0.35 suggesting a linear association. Finally, different doseresponse associations were also found for education levels in healthy individuals (P-value
for effect modification / interaction: spline 1=0.21, spline 2=0.061, spline 3=0.048). Healthy
individuals with low education had a U-shaped dose-response relationship as high MVPA
volumes resulted in attenuated health benefits (Supplemental Figure 2). Age and sex did
not impact the dose-response relationship of MVPA.
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Figure 3 | Association between total and domain-specific moderate to vigorous physical activity, and all-cause mortality and major adverse cardiovascular
events stratified. HRs were adjusted for age, sex, income, education, alcohol consumption, smoking behaviour (packyears), nutrient intake (i.e. protein (g/day),
fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease, osteoarthritis and rheumatoid arthritis. Frequency are the number of
individuals within a physical activity category (per 1000 MET-minutes/week)
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Dose-response relationship of domain-specific MVPA
The amount of total MVPA is largely determined by leisure PA (Table 1). In line with total
MVPA, participation in leisure MVPA was associated with a progressive reduction in adverse
outcomes, with more leisure MVPA associated with greater reductions in all-cause mortality
and incident MACE in healthy individuals and those with CVRF (Figure 2 , 3, Supplemental
Table 2 and 3). However, leisure MVPA was not associated with all-cause-mortality and
MACE in those with CVD. Associations between non-leisure MVPA and adverse outcomes
were less consistent (Figure 2, 3, Supplemental Table 4 and 5). Risk estimates for
non-leisure MVPA quartiles were <1 in healthy individuals, but did not reach statistical
significance. In individuals with CVRF, non-leisure MVPA Q1 (HR 0.86 [95% CI 0.77; 0.97])
and Q2 (HR 0.84 [95% CI 0.74; 0.95]) were associated with a reduced event rate, but risk
reductions were not present in non-leisure MVPA Q3 and Q4. In individuals with CVD,
only non-leisure MVPA Q2 (HR 0.76 [95% CI 0.62-0.93]) was associated with a lower event
rate compared to inactive individuals. The results for leisure or non-leisure MVPA, and
CVD-related mortality and MACE were comparable. The results for all-cause mortality were
stronger for leisure MVPA and weaker for non-leisure MVPA (Supplemental Table 3 and 5).
When we separated occupational MVPA from non-leisure MVPA, we found no associations
between occupational MVPA and the primary and secondary outcomes (Figure 2, 3 and
Supplemental Table 6 and 7).

Discussion
It is widely acknowledged that regular PA is strongly associated with a reduced risk of
non-communicable diseases and mortality1-3, but the impact of cardiovascular health
status on this relationship is less clear. We observed that greater amounts of total MVPA
were associated with a lower risk of all-cause mortality and MACE in a curvilinear dosedependent manner in healthy individuals and those with CVRF, with benefits plateauing
at high PA volumes. In contrast, the dose-response curve of MVPA in individuals with
CVD indicated a linear association. The risk reductions were primarily derived from leisure
MVPA, since health benefits associated with non-leisure MVPA, including occupational
MVPA, were largely insignificant. Our results suggest that the shape of the dose-response
relationship between MVPA and all-cause mortality and MACE is different for individuals
with CVD compared to healthy individuals and those with CVRF.
Cardiovascular health status and MVPA benefits
The minimal MVPA volume associated with risk reduction was higher in CVD individuals (i.e.
third quartile of MVPA) compared to healthy individuals (i.e. second quartile of MVPA) and
those with CVRF (i.e. first quartile of MVPA). These findings suggest that CVD patients need
to perform more MVPA to obtain the same health benefits as healthy and CVRF individuals.
However, it should be noted that the sample size of the CVD population (n=2,493) was
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substantially smaller compared to healthy individuals (n=112,018) and those with CVRF
(n=27,982), which could partly explain the absence of a significant effect for lower levels
of MVPA. Nevertheless, our findings reinforce observations from a large Korean study, in
which PA-induced mortality reductions differed for primary and secondary prevention.11
The potential explanation for why CVD patients have a different dose-response association
for MVPA to reduce events is currently not clear, but CVD patients may require greater
exercise stimuli to alter CVRF or their hemodynamic response to exercise34, or experience
an attenuated adaptations to exercise due to CVD medications35. Alternatively, different
pathophysiological processes, altered by different amounts of MVPA, could lead to MACE
and death in patients with established CVD.
Individuals with CVRF had the largest risk reductions, which suggests that those with
risk factors benefit most from an active lifestyle. This may be explained by PA-induced risk
factor improvements such as increased HDL-cholesterol36 and reductions in body weight,
BP37, glucose38, triglycerides and inflammatory markers39, which are all known to reduce
CVD events. Furthermore, the optimal PA dose for maximal risk reduction was different
for the three subgroups: Q2 for the healthy, Q3 for those with CVRF and Q4 for those
with CVD. These findings further emphasize that PA recommendations should not follow
a ‘one-guideline-fits-all’ approach, but underline the need for precision medicine in which
PA prescription may dependent, amongst other factors, on an individual’s cardiovascular
health status.
There is debate as to whether the health benefits of PA disappear at high levels of
PA , especially in CVD patients.41 We found no evidence of an upper PA limit above which
40

there is no further benefit in those with CVD, suggesting that more PA is better. In contrast,
reductions in adverse outcomes were no longer statistically significant at high PA volumes
in individuals with CVRF (Figure 3). This observation agrees with most12-14, 42, but not all9, 10,
previous studies. A potential explanation for the upper PA limit may be due to the transient
increased risk for sudden cardiac death during exercise43.
Leisure versus non-leisure MVPA
Current PA guidelines4, 5 do not differentiate between leisure and non-leisure MVPA. A multicountry cohort study (including 168,916 subjects) reported that both higher recreational (i.e.
leisure) and non-recreational (i.e. non-leisure) PA were associated with lower mortality and
fewer CVD events.44 In contrast, a meta-analysis of 17 studies (n=193,696) indicated that
high volumes of occupational PA, a part of non-leisure PA, were associated with detrimental
health consequences in men.16 Looking at domain-specific PA, we observed that leisure
MVPA was associated with significant risk reductions in the healthy and CVRF groups,
whereas no significant effect was observed in the CVD group (Figure 2 and 3). Non-leisure
MVPA appeared only beneficial at low-to-moderate volumes in individuals with CVRF and
CVD, and did not impact health outcomes at high volumes and in healthy individuals.
Occupational MVPA was not associated with health outcomes in our study. The underlying
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mechanisms responsible for differences in health outcomes for MVPA spent in different
domains remains unclear. Some researchers suggest different physiological responses to
occupational PA, such as no improvements of cardiorespiratory fitness and increases in 24hour heart rate, blood pressure and inflammation.16, 45 Others argue that the detrimental
association of occupational PA is biased by inadequate classification of occupational
demands and incomplete adjustment for confounding factors.46 For example, individuals
who perform high levels of occupational PA often have a lower socioeconomic status46
and may have poor lifestyle habits (i.e. smoking and alcohol consumption, unhealthy diet,
and less leisure PA)47. To adjust for these potential effects, we have adjusted our results
for differences in education level, income and lifestyle. Within our analyses, we found no
effect modification (i.e. no interaction) by education level or income on the association of
occupational MVPA with MACE and all-cause mortality. Taken together, our results suggest
that the benefits of MVPA are domain-specific, which urges future studies to further explore
this topic to ultimately improve PA prescription.
Strengths and limitations
Strengths of this study include the large population, outcome data based on national health
statistics, comprehensive measurement of MVPA and correction for important confounders.
Study limitations include: 1) self-reported PA data which may overestimate PA volumes,
however, over-reporting generally underestimates the true effect of exercise on health
outcomes48; 2) health status was based on questionnaires, but was cross-validated using
medication data ensuring that individuals with CVRF and CVD were classified correctly;
3) the study design was observational, which is prone for residual confounding. Since we
adjusted for the most common confounding factors such as sex, age, education level,
income, lifestyle and health status, we reduced the risks of residual confounding as much
as possible.

Conclusions
Higher levels of MVPA were associated with significant CVD and mortality risk reductions
in all groups, but benefits plateaued at high PA volumes in healthy individuals and those
with CVRF. Cardiovascular health status impacted the dose-response relationship between
PA and MACE and all-cause mortality. Specifically, in individuals with CVD larger volumes
of MVPA were linked to health benefits compared to healthy individuals and those with
CVRF. Healthy controls and individuals with CVRF demonstrated a curvilinear relationship,
whereas a linear association was found among individuals with CVD. Furthermore, we
observed important differences in risk reductions across different domains of MVPA.
Leisure MVPA was associated with the most health benefits, non-leisure MVPA with little
health benefits and occupational MVPA with no health benefits. Outcomes from this study
are useful to further optimize PA recommendations, so that every individual, irrespective of
cardiovascular health status, can optimally benefit from a physically active lifestyle.
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Supplemental Figure 1 | Flowchart of study population.
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Total physical ac�vity in healthy individuals
Low

Moderate to high

Supplemental Figure 2 | The association between total physical activity and all-cause mortality
or major adverse cardiovascular events in healthy individuals stratified for education level. HRs
were adjusted for confounders (Model 2): age, sex, income, education, alcohol consumption, smoking
behaviour (packyears), nutrient intake (i.e. protein (g/day), fat (g/day), carbohydrate (g/day)), kidney
function, arrhythmia, hypothyroid, lung disease, osteoarthritis and rheumatoid arthritis.

Model 1, adjusted
for age and sex

1.00
0.81 [0.62; 1.06]
0.84 [0.64; 1.10]
0.76 [0.58; 0.99]
0.69 [0.52; 0.92]

1.00
0.73 [0.57; 0.95]
0.75 [0.58; 0.97]
0.71 [0.55; 0.91]
0.64 [0.48; 0.84]

1.00
0.80 [0.61; 1.04]
0.83 [0.63; 1.09]
0.76 [0.58; 0.997]
0.70 [0.53; 0.94]

0.999 [0.999; 0.999]
0.04

1
0.78 [0.63;0.97]
0.82 [0.66;1.03]
0.83 [0.66;1.03]
0.91 [0.72;1.14]

1
0.69 [0.56;0.86]
0.69 [0.55;0.86]
0.68 [0.54;0.84]
0.73 [0.58;0.91]
0.999 [0.999; 0.999]
0.02

1.00 [0.999;1.00]
0.32

1.00 [0.999;1.00]
0.57

0.999 [0.999; 0.999]
0.009

1
0.92 [0.69;1.22]
0.80 [0.60;1.07]
0.86 [0.64;1.14]
0.92 [0.69;1.23]

1
0.84 [0.64;1.12]
0.70 [0.53;0.94]
0.72 [0.54;0.96]
0.77 [0.58;1.03]

0.999 [0.999;1.00]
0.05
1.00
0.52 [0.41; 1.06]
0.52 [0.31; 0.87]
0.38 [0.22; 0.65]
0.59 [0.33; 1.05]
1.00 [0.999;1.00]
0.16
1
0.76 [0.63;0.92]
0.77 [0.64;0.93]
0.76 [0.63;0.92]
0.83 [0.68;1.02]
0.999 [0.999; 0.999]
0.08
1
0.79 [0.62; 1.02]
0.81 [0.62; 1.05]
0.74 [0.57; 0.96]
0.72 [0.54; 0.94]

0.999 [0.999;0.999]
0.04
1.00
0.66 [0.42; 1.07]
0.53 [0.32; 0.90]
0.38 [0.22; 0.66]
0.60 [0.34; 1.06]
0.999 [0.999;1.00]
0.86
1
0.69 [0.57;0.82]
0.66 [0.55;0.80]
0.64 [0.53;0.77]
0.69 [0.57;0.84]
0.999 [0.999; 0.999]
0.04
1
0.80 [0.62; 1.03]
0.82 [0.63; 1.06]
0.74 [0.57; 0.95]
0.70 [0.53 0.93]

1.00 [1.00; 1.00]
0.44
1
0.65 [0.54;0.79]
0.60 [0.50;0.73]
0.58 [0.48;0.70]
0.63 [0.52;0.76]

1
0.71 [0.56; 0.91]
0.68 [0.53; 0.89]
0.62 [0.48; 0.80]
0.61 [0.47; 0.80]

0.999 [0.999; 0.999]
0.01

1.00
0.65 [0.41; 1.02]
0.48 [0.29; 0.79]
0.34 [0.20; 0.58]
0.50 [0.28; 0.86]

0.999 [0.999;1.00]
0.10

Model 3, adjusted
for confounders
and mediators†

Model 2, adjusted
for confounders*

Model 1, adjusted
for age and sex

Secondary outcome – All-cause mortality

Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income, education, alcohol consumption, smoking behaviour
(packyears), nutrient intake (i.e. protein (g/day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease, osteoarthritis and
rheumatoid arthritis. †Model 3 is further adjusted for mediators: glucose levels, total cholesterol, diastolic blood pressure, systolic blood pressure, BMI, and sleep.

Continuous
P for linear trend
Quartiles
Inactive
Q1 1-1912
Q2 1913-3690
Q3 3690-7257
Q4 >7527

Individuals with CVD

1.00 [0.999;1.00]
0.82

Model 3, adjusted
for confounders
and mediators†

0.999 [0.999;1.00]
0.27

Model 2, adjusted
for confounders*

Secondary outcome – Cardiovascular mortality
and incident MACE

Healthy individuals
Continuous
0.999 [0.999;1.00]
P for linear trend
0.27
Quartiles
Inactive
1
Q1 1-1912
0.69 [0.52;0.92]
Q2 1913-3690
0.55 [0.41;0.73]
Q3 3690-7257
0.56 [0.42;0.74]
Q4 >7527
0.63 [0.47;0.83]
Individuals with CVRF
Continuous
1.00 [0.999;1.00]
P for linear trend
0.92
Quartiles
1
Inactive
Q1 1-1912
0.65 [0.53;0.81]
Q2 1913-3690
0.62 [0.50;0.77]
0.60 [0.49;0.75]
Q3 3690-7257
0.66 [0.53;0.82]
Q4 >7527

Total physical
activity (MET-min/
week)

Supplemental Table 1 | Hazard ratios (95% CI) for the association between total physical activity and the secondary outcomes.
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Supplemental Table 2 | Hazard ratios (95% CI) for the association between leisure physical
activity and all-cause mortality and MACE.
Leisure physical
activity
(MET-min/week)
Healthy individuals
Continuous
P for linear trend
Quartiles
0
Q1 1-1109
Q2 1110-2135
Q3 2136-3731
Q4 >3731
Individuals with CVRF
Continuous
P for linear trend
Quartiles
0
Q1 1-1109
Q2 1110-2135
Q3 2136-3731
Q4 >3731
Individuals with CVD
Continuous
P for linear trend
Quartiles
0
Q1 1-1109
Q2 1110-2135
Q3 2136-3731
Q4 >3731

All-cause mortality and incident MACE
Model 1, adjusted for
age and sex

Model 2, adjusted for
confounders*

Model 3, adjusted
for confounders and
mediators†

0.999 [0.999;0.999]
>0.001

0.999 [0.999;1.00]
0.054

0.999 [0.999;1.00]
0.87

1
0.76 [0.64;0.90]
0.67 [0.57;0.79]
0.65 [0.55;0.76]
0.64 [0.54;0.75]

1
0.86 [0.73;1.01]
0.79 [0.67;0.94]
0.78 [0.66;0.92]
0.77 [0.66;0.91]

1
0.92 [0.78;1.08]
0.87 [0.73;1.02]
0.86 [0.73;1.02]
0.89 [0.76;1.05]

0.999 [0.999;0.999]
0.003

0.999 [0.999;1.00]
0.06

1.00 [0.999;1.00]
0.89

1
0.77 [0.66;0.91]
0.70 [0.59;0.82]
0.67 [0.57;0.78]
0.65 [0.56;0.76]

1
0.82 [0.70;0.96]
0.76 [0.65;0.90]
0.75 [0.64;0.88]
0.73 [0.63;0.85]

1
0.87 [0.74;1.02]
0.83 [0.71;0.98]
0.84 [0.71;0.99]
0.84 [0.72;0.98]

0.999 [0.999;1.00]
0.05

0.999 [0.999;1.00]
0.30

1.00 [0.999;1.00]
0.95

1
0.82 [0.66;1.02]
0.86 [0.69;1.07]
0.79 [0.64;0.98]
0.75 [0.61;0.91]

1
0.94 [0.75;1.17]
1.06 [0.84;1.32]
0.98 [0.78;1.22]
0.91 [0.73;1.12]

1
0.97 [0.78;1.22]
1.15 [0.91;1.45]
1.06 [0.84;1.34]
1.00 [0.81;1.27]

Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income,
education, alcohol consumption, smoking behaviour (packyears), nutrient intake (i.e. protein (g/
day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease,
osteoarthritis, rheumatoid arthritis and non-leisure physical activity. †Model 3 is further adjusted for
mediators: glucose levels, total cholesterol, diastolic blood pressure, systolic blood pressure, BMI,
and sleep.

Model 1, adjusted
for age and sex

1
0.92 [0.75;1.13]
0.92 [0.75;1.13]
0.89 [0.73;1.09]
0.92 [0.75;1.12]
1.00 [0.999;1.00]
0.93
1
0.87 [0.72;1.05]
0.89 [0.73;1.07]
0.90 [0.75;1.09]
0.95 [0.79;1.15]
1.00 [0.999;1.00]
0.59
1
0.97 [0.77;1.23]
1.15 [0.90;1.46]
1.08 [0.85;1.36]
1.01 [0.81;1.27]

1
0.86 [0.70;1.05]
0.84 [0.69;1.03]
0.79 [0.65;0.97]
0.78 [0.64;0.96]
1.00 [0.999;1.00]
0.89
1
0.81 [0.68;0.98]
0.80 [0.66;0.96]
0.79 [0.66;0.95]
0.81 [0.68;0.97]
0.999 [0.999;1.00]
0.45
1
0.94 [0.75;1.19]
1.05 [0.83;1.34]
0.99 [0.79;1.25]
0.92 [0.73;1.15]

0.999 [0.999;1.00]
0.19
1
0.89 [0.69;1.14]
0.69 [0.53;0.90]
0.76 [0.59;0.99]
0.73 [0.56;0.95]
0.999 [0.999;0.999]
>0.001
1
0.85 [0.65;1.10]
0.68 [0.52;0.90]
0.68 [0.52;0.90]
0.54 [0.42;0.72]
0.999 [0.999;1.00]
0.05
1.00
0.86 [0.53; 1.37]
0.89 [0.54; 1.47]
0.70 [0.42; 1.16]
0.55 [0.34; 0.90]

0.999 [0.999;1.00]
0.11
1
0.87 [0.67;1.12]
0.67 [0.52;0.88]
0.74 [0.57;0.96]
0.70 [0.54;0.91]
0.999 [0.999;0.999]
>0.001
1
0.84 [0.65;1.10]
0.68 [0.51;0.90]
0.67 [0.51;0.89]
0.54 [0.41;0.71]
0.999 [0.999;1.00]
0.06
1.00
0.87 [0.55; 1.40]
0.92 [0.56; 1.52]
0.72 [0.44; 1.19]
0.57 [0.35; 0.93]

1
0.77 [0.60;0.99]
0.58 [0.45;0.75]
0.62 [0.48;0.80]
0.58 [0.45;0.75]
0.999 [0.999;0.999]
>0.001
1
0.83 [0.64;1.07]
0.63 [0.48;0.83]
0.62 [0.48;0.82]
0.50 [0.38;0.65]
0.999 [0.999;0.999]
0.01
1.00
0.78 [0.49; 1.24]
0.76 [0.46; 1.23]
0.61 [0.38; 0.99]
0.47 [0.30; 0.75]

0.999 [0.999;0.999]
0.006

Model 3, adjusted
for confounders
and mediators†

Model 2, adjusted
for confounders*

Model 1, adjusted
for age and sex

CVD mortality and incident MACE

Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income, education, alcohol consumption, smoking behaviour
(packyears), nutrient intake (i.e. protein (g/day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease, osteoarthritis,
rheumatoid arthritis and non-leisure physical activity. †Model 3 is further adjusted for mediators: glucose levels, total cholesterol, diastolic blood pressure,
systolic blood pressure, BMI, and sleep.

1.00 [0.999;1.00]
0.73

Model 3, adjusted
for confounders
and mediators†

0.999 [0.999;0.999]
0.04

Model 2, adjusted
for confounders*

CVD mortality and incident MACE

Healthy individuals
Continuous
1.00 [0.999;0.999]
P for linear trend
0.001
Quartiles
0
1
Q1 1-1109
0.75 [0.61;0.91]
Q2 1110-2135
0.70 [0.57;0.85]
Q3 2136-3731
0.64 [0.53;0.79]
Q4 >3731
0.63 [0.52;0.77]
Individuals with CVRF
Continuous
0.999[0.999;1.00]
P for linear trend
0.25
Quartiles
0
1
Q1 1-1109
0.76 [0.63;0.92]
Q2 1110-2135
0.71 [0.60;0.87]
Q3 2136-3731
0.69 [0.58;0.83]
Q4 >3731
0.71 [0.59;0.84]
Individuals with CVD
Continuous
0.999 [0.999;1.00]
P for linear trend
0.08
Quartiles
0
1
Q1 1-1109
0.82 [0.65;1.02]
Q2 1110-2135
0.85 [0.68;1.07]
Q3 2136-3731
0.80 [0.64;1.00]
Q4 >3731
0.75 [0.61;0.94]

Leisure physical
activity (MET-min/
week)

Supplemental Table 3 | Hazard ratios (95% CI) for the association between leisure physical activity and the secondary outcomes.
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Supplemental Table 4 | Hazard ratios (95% CI) for the association between non-leisure physical
activity and all-cause mortality and MACE.
Non-leisure physical
activity
(MET-min/week)

All-cause mortality and incident MACE
Model 1, adjusted for
age and sex

Model 2, adjusted for
confounders*

Model 3, adjusted
for confounders and
mediators†

Healthy individuals
Continuous
P for linear trend

1.00 [0.999;1.00]
0.19

1.00 [0.999;1.00]
0.80

1.00 [0.999;1.00]
0.42

Quartiles
0
Q1 1-407
Q2 408-1080
Q3 1080-4088
Q4 >4088

1
0.90 [0.80;1.01]
0.87 [0.77;0.99]
0.92 [0.82;1.04]
0.99 [0.87;1.13]

1
0.93 [0.83;1.05]
0.91 [0.81;1.03]
0.96 [0.85;1.09]
0.96 [0.84;1.10]

1
0.96 [0.85;1.08]
0.95 [0.84;1.07]
1.01 [0.90;1.15]
1.02 [0.90;1.16]

Continuous
P for linear trend

1.00 [0.999;1.00]
0.09

1.00 [0.999;1.00]
0.16

1.00 [1.00 ;1.00]
0.047

Quartiles
0
Q1 1-407
Q2 408-1080
Q3 1080-4088
Q4 >4088

1
0.84 [0.75;0.95]
0.81 [0.71;0.91]
0.90 [0.79;1.02]
1.02 [0.88;1.18]

1
0.86 [0.77;0.97]
0.84 [0.74;0.95]
0.91 [0.80;1.04]
1.02 [0.89;1.18]

1
0.91 [0.81;1.02]
0.90 [0.79;1.02]
0.98 [0.86;1.12]
1.10 [0.95;1.29]

Individuals with CVRF

Individuals with CVD
Continuous

0.999 [0.999;1.00]

0.999 [0.999;1.00]

0.999 [0.999;1.00]

P for linear trend

0.52

0.30

0.98

Quartiles
0
Q1 1-407
Q2 408-1080
Q3 1080-4088
Q4 >4088

1
0.94 [0.80;1.10]
0.70 [0.57;0.85]
0.89 [0.74;1.07]
0.83 [0.66;1.03]

1
1.01 [0.86;1.19]
0.74 [0.61;0.90]
0.95 [0.79;1.13]
0.81 [0.65;1.02]

1
1.06 [0.90;1.22]
0.79 [0.65;0.97]
1.02 [0.85;1.24]
0.94 [0.74;1.18]

Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income,
education, alcohol consumption, smoking behaviour (packyears), nutrient intake (i.e. protein (g/
day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease,
osteoarthritis and rheumatoid arthritis. †Model 3 is further adjusted for mediators: glucose levels,
total cholesterol, diastolic blood pressure, systolic blood pressure, BMI, and sleep.

Model 1, adjusted
for age and sex

Model 2, adjusted
for confounders*

Model 3, adjusted
for confounders
and mediators†

CVD mortality and incident MACE
Model 1, adjusted
for age and sex

Model 2, adjusted
for confounders*

All-cause mortality
Model 3, adjusted
for confounders
and mediators†

Healthy individuals
Continuous
1.00 [0.999;1.00]
0.999 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
P for linear trend
0.29
0.90
0.57
0.53
0.91
0.81
Quartiles
0
1
1
1
1
1
1
Q1 1-407
0.87 [0.76;1.00]
0.91 [0.79;1.05]
0.93 [0.81;1.08]
0.98 [0.81;1.19]
1.01 [0.84;1.22]
1.04 [0.86;1.26]
Q2 408-1080
0.84 [0.73;0.98]
0.88 [0.76;0.03]
0.91 [0.78;1.06]
0.97 [0.79;1.18]
1.00 [0.82;1.22]
1.03 [0.84;1.26]
Q3 1080-4088
0.84 [0.72;0.97]
0.88 [0.76;1.02]
0.92 [0.79;1.07]
1.07 [0.88;1.31]
1.11 [0.91;1.36]
1.17 [0.96;1.42]
Q4 >4088
0.98 [0.84;1.14]
0.96 [0.82;1.12]
1.01 [0.87;1.18]
1.01 [0.81;1.25]
0.98 [0.79;1.22]
1.01 [0.81;1.26]
Individuals with CVRF
Continuous
1.00 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999 ;1.00]
P for linear trend
0.24
0.39
0.18
0.20
0.23
0.13
Quartiles
1
1
1
1
1
1
0
0.79 [0.64;0.98]
0.80 [0.65;0.99]
0.84 [0.68;1.05]
0.91 [0.80;1.04]
Q1 1-407
0.84 [0.74;0.96]
0.86 [0.76;0.99]
0.94 [0.74;1.18]
0.85 [0.74;0.99]
0.84 [0.67;1.06]
0.87 [0.69;1.09]
0.80 [0.69;0.92]
Q2 408-1080
0.76 [0.66;0.88]
1.08 [0.86;1.38]
0.99 [0.78;1.25]
0.89 [0.77;1.03]
0.94 [0.81;1.10]
0.97 [0.77;1.23]
0.87 [0.75;1.01]
Q3 1080-4088
1.18 [0.90;1.56]
1.27 [0.95;1.68]
1.19 [0.91;1.56]
0.94 [0.80;1.11]
0.94 [0.80;1.11]
1.01 [0.86;1.20]
Q4 >4088
Individuals with CVD
Continuous
0.999 [0.999;1.00]
0.999 [0.999;1.00]
0.999 [0.999;1.00]
0.999 [0.999;1.00]
1.00 [0.999;1.00]
1.00 [0.999;1.00]
P for linear trend
0.28
0.12
0.88
0.64
0.35
0.22
Quartiles
0
1
1
1
1.00
1.00
1.00
Q1 1-407
0.97 [0.81;1.14]
1.04 [0.88;1.23]
1.09 [0.92;1.29]
0.81 [0.55; 1.19]
0.81 [0.55; 1.19]
0.86 [0.58; 1.27]
Q2 408-1080
0.71 [0.58;0.87]
0.76 [0.62;0.92]
0.81 [0.66;0.99]
0.60 [0.35; 1.03]
0.62 [0.36; 1.06]
0.68 [0.39; 1.17]
Q3 1080-4088
0.87 [0.72;1.06]
0.92 [0.76;1.12]
1.00 [0.82;1.21]
0.98 [0.64; 1.52]
1.06 [0.68; 1.65]
1.20 [0.76; 1.87]
Q4 >4088
0.79 [0.63;1.00]
0.77 [0.61;0.98]
0.89 [0.70;1.13]
1.01 [0.54; 1.88]
1.18 [0.62; 2.23]
1.30 [0.76; 2.47]
Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income, education, alcohol consumption, smoking behaviour
(packyears), nutrient intake (i.e. protein (g/day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease, osteoarthritis and
rheumatoid arthritis. †Model 3 is further adjusted for mediators: glucose levels, total cholesterol, diastolic blood pressure, systolic blood pressure, BMI, and
sleep.

Non-leisure
physical activity
(MET-min/week)

Supplemental Table 5 | Hazard ratios (95% CI) for the association between non-leisure physical activity and the secondary outcomes.

Dose-Response Relationship of Physical Activity
119

5

120

Chapter 5

Supplemental Table 6 | Hazard ratios (95% CI) for the association between occupational physical
activity and all-cause mortality and incident MACE.
Occupational
physical activity
(MET-min/week)

All-cause mortality and incident MACE
Model 1, adjusted for
age and sex

Model 2, adjusted for
confounders*

Model 3, adjusted
for confounders and
mediators†

1.00 [0.999;1.00]
0.34

0.999 [0.999;1.00]
0.81

1.00 [0.999;1.00]
0.85

1
1.04 [0.89;1.22]
1.03 [0.88;1.22]
1.03 [0.85;1.23]
1.08 [0.92;1.26]

1
1.05 [0.90;1.24]
1.00 [0.85;1.18]
0.97 [0.81;1.16]
0.998 [0.85;1.17]

1
1.06 [0.90;1.24]
1.03 [0.87;1.21]
0.998 [0.83;1.20]
1.03 [0.88;1.20]

1.00 [0.999;1.00]
0.13

1.00 [0.999;1.00]
0.24

1.00 [0.999;1.00]
0.11

1
1.00 [0.83;1.20]
1.03 [0.84;1.27]
1.10 [0.88;1.36]
1.12 [0.91;1.37]

1
1.01 [0.84;1.22]
1.04 [0.85;1.27]
1.05 [0.85;1.31]
1.10 [0.90;1.36]

1
1.06 [0.88;1.28]
1.07 [0.88;1.32]
1.11 [0.89;1.38]
1.14 [0.93;1.40]

Healthy individuals
Continuous
P for linear trend
Quartiles
0
Q1 1-1949
Q2 1950-4874
Q3 4875-9359
Q4 >9359
Individuals with CVRF
Continuous
P for linear trend
Quartiles
0
Q1 1-1949
Q2 1950-4874
Q3 4875-9359
Q4 >9359
Individuals with CVD

Continuous
0.999 [0.999;1.00]
0.999 [0.999;1.00]
0.999 [0.999;1.00]
P for linear trend
0.65
0.34
0.91
Quartiles
0
1
1
1
Q1 1-1949
0.86 [0.65;1.14]
0.87 [0.66;1.15]
0.97 [0.74;1.29]
Q2 1950-4874
0.93 [0.69;1.25]
0.90 [0.67;1.21]
1.06 [0.78;1.43]
Q3 4875-9359
0.84 [0.59;1.18]
0.81 [0.57;1.15]
0.86 [0.61;1.22]
Q4 >9359
0.93 [0.67;1.29]
0.86 [0.62;1.19]
0.96 [0.69;1.35]
Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income,
education, alcohol consumption, smoking behaviour (packyears), nutrient intake (i.e. protein (g/
day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease,
osteoarthritis and rheumatoid arthritis. †Model 3 is further adjusted for mediators: glucose levels,
total cholesterol, diastolic blood pressure, systolic blood pressure, BMI, and sleep.

1.00 [0.999;1.00]
0.20
1
1.10 [0.90;1.36]
0.96 [0.76;1.22]
1.10 [0.87;1.41]
1.14 [0.91;1.43]

1.00 [0.999;1.00]
0.40
1
1.05 [0.85;1.29]
0.93 [0.73;1.18]
1.05 [0.82;1.33]
1.10 [0.87;1.37]
0.999 [0.999;1.00]
0.17

1.00 [0.999;1.00]
0.25

1
1.03 [0.84;1.27]
0.92 [0.72;1.16]
1.09 [0.86;1.39]
1.12 [0.89;1.40]

0.999 [0.999;1.00]
0.40

1.00 [0.999;1.00]
0.53

1
1.02 [0.84;1.24]
1.08 [0.89;1.31]
1.01 [0.82;1.26]
1.03 [0.85;1.24]

1
1.02 [0.84;1.24]
1.06 [0.88;1.29]
0.98 [0.79;1.22]
1.01 [0.84;1.21]

1
1.01 [0.83;1.23]
1.10 [0.91;1.33]
1.04 [0.84;1.29]
1.08 [0.91;1.31]

1.00 [0.999;1.00]
0.81

Model 3, adjusted
for confounders
and mediators†

1.00 [0.999;1.00]
0.93

Model 2, adjusted
for confounders*

1.00 [0.999;1.00]
0.35

Model 1, adjusted
for age and sex

CVD mortality and incident MACE

NA
NA

1
0.87 [0.59;1.27]
1.49 [1.04;2.11]
0.97 [0.60;1.56]
1.04 [0.67;1.63]

1.00 [0.999;1.00]
0.60

1
1.08 [0.84;1.39]
0.93 [0.69;1.23]
1.00 [0.74;1.35]
1.02 [0.78;1.32]

1.00 [0.999;1.00]
0.91

Model 1, adjusted
for age and sex

Model 3, adjusted
for confounders
and mediators†
0.999 [0.999;1.00]
0.65
1
1.09 [0.85;1.41]
0.91 [0.68;1.21]
0.95 [0.70;1.29]
0.95 [0.73;1.25]
1.00 [0.999;1.00]
0.63
1
0.92 [0.63;1.35]
1.49 [1.04;2.12]
0.94 [0.58;1.52]
1.04 [0.66;1.63]
NA
NA

Model 2, adjusted
for confounders*

0.999 [0.999;1.00]
0.62
1
1.09 [0.84;1.40]
0.90 [0.67;1.19]
0.95 [0.70;1.28]
0.95 [0.73;1.24]
1.00 [0.999;1.00]
0.70
1
0.89 [0.61;1.31]
1.48 [1.04;2.10]
0.92 [0.57;1.49]
1.04 [0.66;1.62]
NA
NA

All-cause mortality

Quartiles
0
1
1
1
Q1 1-1949
0.82 [0.61;1.09]
0.83 [0.62;1.10]
0.91 [0.68;1.22]
Q2 1950-4874
0.90 [0.66;1.23]
0.87 [0.64;1.19]
1.01 [0.74;1.38]
NA
NA
NA
Q3 4875-9359
0.79 [0.55;1.14]
0.76 [0.53;1.10]
0.81 [0.56;1.17]
Q4 >9359
0.89 [0.64;1.25]
0.81 [0.58;1.14]
0.90 [0.64;1.27]
Model 1 was adjusted for age and sex. *Model 2 was additional adjusted for confounders: income, education, alcohol consumption, smoking behaviour
(packyears), nutrient intake (i.e. protein (g/day), fat (g/day), carbohydrate (g/day)), kidney function, arrhythmia, hypothyroid, lung disease, osteoarthritis and
rheumatoid arthritis. †Model 3 is further adjusted for mediators: glucose levels, total cholesterol, diastolic blood pressure, systolic blood pressure, BMI, and
sleep. NA: events rate too low to perform the analyses.

Continuous
P for linear trend
Quartiles
0
Q1 1-1949
Q2 1950-4874
Q3 4875-9359
Q4 >9359
Individuals with CVRF
Continuous
P for linear trend
Quartiles
0
Q1 1-1949
Q2 1950-4874
Q3 4875-9359
Q4 >9359
Individuals with CVD
Continuous
P for linear trend

Healthy individuals

Occupational
physical activity
(MET-min/week)

Supplemental Table 7 | Hazard ratios (95% CI) for the association between occupational physical activity and the secondary outcomes.
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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. 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 March
2020. 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. Data of validity and/or reliability measurements was extracted from
included studies and a meta-analysis using random effects was performed to assess the
pooled correlation coefficients of the validity.
Results. The systematic search resulted in 2,423 hits. After excluding duplicates and
screening on title and abstract, 82 studies were included with 75 self-reported measurement
tools. 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=0.35 [95%CI 0.32-0.39]). Furthermore, correlation
coefficients of single- and multiple-item questionnaires were comparable (1-item R=0.34;
2-to-9-items R=0.35; ≥10-items R=0.37). The reliability of SB measures was moderate-togood, 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, 1-item questionnaires may be preferred
to subjectively assess SB in large-scale observations when showing similar validity and
reliability compared to longer questionnaires.
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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
moderate-intensity 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 devices7 and questionnaires8 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 time12-14 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 assessments15. 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 was to identify subjective methods to assess SB and,
subsequently, to examine their validity and reliability to assess SB in adults. Where the
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sedentary time measured by subjective methods was compared to objective and other
subjective methods. 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, self-reported
measures, and validity/reproducibility. The complete search strategy is shown in the
Supplemental Table 1. The last search was performed on March 11th, 2020. 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 when validity was assessed, 7)
interval between first and second measure when reliability was assessed, 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 checklist with 4-point
scale of COSMIN (Consensus-based Standards for the selection of health Measurement
Instruments) criteria.18-20 The COSMIN checklist contained items about the criterion validity
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(Supplemental Table 2) and reliability (Supplemental Table 3). For each item different
design requirements and statistical methods were rated on quality using a 4-point scale.
A methodological quality score per item was obtained by taking the lowest rating of any
score per item (‘worse score counts’).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.

Figure 1 | Flowchart of the inclusion of studies.
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Reliability was defined as the degree of consistency and reproducibility of a measurement
tool. 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 0.75-0.90 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 effects24 was performed to assess the pooled validity of
the 1-item questionnaires, 2 to 9-item questionnaires, 10-item questionnaires and logs/
diaries. A random effect model was used because it was unlikely that included studies
were functional equivalent and results of the included studies had a large heterogeneity.
Only studies expressing validity as Pearson or Spearman 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 Stratified analyses including only studies examining questionnaires with a goodto-excellent quality were performed to investigate if the quality of the study affected
the pooled validity. Meta-analyses were performed using R with ‘Meta-Analysis with
Correlations’ (MAc) package, version 1.1.1.

Results
Search results
The literature search resulted in 2,423 hits (Figure 1). After excluding duplicates, 1,272
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
82 studies and 75 self-reported measurement tools were included (Table 1).
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Table 1| Description of measurement tools to determine sedentary behaviour.
Construct
Name of tool (reference)

Specific
tool (no. of
questions)a

Domainb

Distinction
in days (wk/
wknd; work
days)

Recall
period

Format c

Unit

1-item questionnaires
EEPAQ; Elderly EXERNET
Physical Activity
Questionnaire 25
GPAQ: Global Physical
Activity Questionnaire 26-32
IPAQ (short); International
Physical Activity
Questionnaire 33-35
Modified MOSPA-Q;
MONICA Optional Study
on Physical Activity
Questionnaire 36
PPAQ; Paffenbarger Physical
Activity Questionnaire 37
SED-GIH 38
SQ; Single Question 39-41
TASST; TAxonomy of Selfreport SB Tools 40, 42
1) Single item total times; 2)
Single item proportion; 3)
TV time
T-SQ; Total sitting
questionnaire 43
TV-Q; TV viewing 43
YPAS; Yale Physical Activity
Survey for Older Adults 44
Clemes et al. 2012 41
Gao et al. 2017 45
1) Single item proportion
(3 months) 2) Single item
proportion (1 day)
Gupta et al. 2017 46
AQuAA; Activity
Questionnaire for Adults and
Adolescents 47
Cancer Prevention Study-3
Sedentary Time Survey 48
CHAMPS; Community Health
Activities Model Program for
Seniors 44, 49
FPACQ; Flemish Physical
Activity Computerized
Questionnaire 50, 51
IPAQ (long); International
Physical Activity
Questionnaire 34, 52-56

Q (1)

To

yes

1 wk

T

Hrs (cat)

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

Q (1)
Q (1)

To
To

no
no

-

T
T

Hrs (cat)
Hrs + min

Q (1: 1, 2: 1,
3: 1)

To

no

1d
1 wk

T

Hrs + min
%

Q (1)

To

no

7d

T

Hrs + min

Q (1)

To

no

-

T

Hrs + min

I (1)

To

no

-

T

Hrs

Q (1)

To

yes

-

T

Hrs + min

Q(1: 1, 2: 1)

W

no

1: 1 d
2: 3 m

T

%

Q (1)
To
no
2-9-item questionnaires

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

Q (2)

To

no

1 wk

T

Hrs + min
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Table 1 continued
Construct
Name of tool (reference)

Specific
tool (no. of
questions)a

Domainb

Distinction
in days (wk/
wknd; work
days)

Recall
period

Format c

Unit

2-9-item questionnaires
OSPAQ; Occupational
Sitting and Physical Activity
Questionnaire 36, 58-60
PAS2; Physical Activity Scale
61

PASBAQ; Physical Activity
and Sedentary Behavior
Assessment Questionnaire 62

Q (3)

W

no

1 wk

T

% of
sitting

Q (2)

L +W

no

-

T

Hrs + min

Q (3)

L +W

no

4 wk

T

Hrs + min

L +W

no

-

T / Br

Hrs (cat)
number

L + Tr + W

no

1d

T

Hrs + min

To

no

1 wk

T

Hrs + min

L + Tr

no

4 wk

T

Hrs (cat)

L

yes

T

Hrs

L + Tr + W

no

T

Hrs + min

W

yes

Br

Freq +
duration

L + Tr +W

no

1 wk

T

Hrs + min

L + Tr + W

yes

4 wk

T

Hrs + min
(cat)

H + L + Tr
+W

no

1d
1 wk -

L + Tr + W

No

1 wk

T

Hrs + min

L + Tr + W

no

1 mo

T

Hrs + min
(cat)

L+W

yes

1 mo

T

Hrs + min
%

PASB-Q; Physical Activity
Q (3)
and Sedentary Behavior
Questionnaire 63
PAST-U; Past-day Adults’
Q (9)
Sedentary Time University 64
PAT Survey; Physical Activity
Q (2)
and Transit Survey 65
RPAQ; Recent Physical
Q (4)
Activity Questionnaire 66, 67
Regicor Short Physical
Q (4)
Activity Questionnaire 68
SCCS PAQ; Southern
Community Cohort
Q (6)
Study Physical Activity
Questionnaire 69
SITBRQ: Workplace Sitting
Q (2)
Breaks Questionnaire 70
Stand Up For Your Health
I (7)
Questionnaire 44, 71
STAQ; Sedentary,
Q (7)
Transportation and Activity
Questionnaire 72
TASST; TAxonomy of Selfreport SB Tools 40
Q (4: 2, 5: 13)
4) Patterns ; 5) Sum of
domains
Survey of older adults’
Q (8)
sedentary time 73
Web-based physical activity
Q (8)
questionnaire Active-Q 74
WSWQ; Percentage-Method
Improves Properties of
Q (3/7)
Workers’ Sitting- and WalkingTime Questionnaire 75

-

Hrs + min
No. of
T / Bou
bouts +
duration

Clark et al. 2011 76

Q (2)

W

yes

1 wk

T / Br

Jefferis et al. 2016 77
Lagersted-Olsen et al. 2014

Q (4)

L + Tr

no

-

T

78

Q (4)

L+W

no

1 wk

Mielke et al. 2020 79

Q (5)

L + Tr + W

no

1wk

Hrs + min
/ Freq
Hrs

T / Bou Hrs + min
T

Hrs + min

Subjective Methods to Assess Sedentary Behaviour

133

Table 1 continued
Construct
Name of tool (reference)

Specific
tool (no. of
questions)a

Domainb

Distinction
in days (wk/
wknd; work
days)

Recall
period

Format c

Unit

1 wk

T / Br

Hrs + min
/ Freq

Qa: 1 yr
Qb: -

T

Hrs + min

2-9-item questionnaires
Sudholx et al. 2012 80

Q (2)

Cartmel et al. 1992 81
Questionnaire A / B

Q (2)

ASBQ: Adult Sedentary
Behaviour Questionnaire 29

W

no

Qa: H, L
Qa: no
Qb: To
Qb: yes
≥10-item questionnaires

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
/ Freq

Q (14)

L + Tr + W

no

-

T

Hrs + min

Q (140)

L+W

no

1 wk

T

Hrs + min

PAST-WEEK-U 85

Q (63)

L + Tr + W

no

1 wk

T

Hrs + min

NIGHTLY-WEEK-U 85

Q (63)

L + Tr + W

no

1d

T

Hrs + min

SBQ; Sedentary Behaviour
Questionnaire 32, 52, 86

Q (18)

L + Tr + W

yes

-

T

SIT-Q; Sedentary Behavior
Questionnaire 87

Q (20)

L + Tr + W

yes

1 yr

T / Br

SIT-Q-7d; last 7-d sedentary
behavior questionnaire 88, 89

Q (20)

L + Tr + W

yes

1 wk

T / Br

STAR-Q 90

Q (17)

H + L + Tr
+W

no

4 wk

T

TASST; TAxonomy of Selfreport SB Tools 40 42 6) Sum of
behaviours

Q (13)

H + L + Tr
+W

no

1d
1 wk

T

WSQ; Workforce Sitting
Questionnaire 59, 91, 92

Q (10)

L + Tr + W

yes

1 wk

T

Hrs + min

Clark et al. 2015 93

Q (10)

L + Tr + W

yes

1 wk

T

Hrs + min

Clemes et al. 2012 41

Q (10)

L + Tr + W

yes

-

T

Hrs + min

Ishii et al. 2018 94

Q (12)

L + Tr + W

Yes

1 wk

T

Marshall et al. 201295
Van Cauwenberg et al. 2017

Q (10)

L + Tr + W

yes

-

T

Hrs + min
(cat)
Hrs + min

Q (12)

L + Tr

no

1 wk

T

Hrs + min

Q (20)

L + Tr + W

no

-

T

Hrs + min

D-SQ; Domain-Specific
Questionnaire43
MPAQ; Madras Physical
Activity Questionnaire 82
MSTQ; Multicontext Sitting
Time Questionnaire 83
PAFQ: Physical Activity
Frequency Questionnaire 84

96

Visser et al. 2010

97

Hrs + min
(cat)
Hrs + min
(cat) /
Freq
Hrs + min
(cat) /
Freq
Hrs + min
Hrs + min
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Table 1 continued
Construct
Name of tool (reference)

Specific
tool (no. of
questions)a

Domainb

Distinction
in days (wk/
wknd; work
days)

Recall
period

Fomat c

Unit

Logs and diaries
7-day SLIPA Log; (7-day
Sedentary and Light Intensity
Physical Activity Log) 98
BAR; Bouchard Activity
Record 99
BeWell24 Self-Monitoring
App 100
cpar24; Computer-Based 24Hour Physical Activity Recall
Instrument 101
EMA; Ecological Momentary
Assessment 102
MARCA; Multimedia Activity
Recall for Children and
Adults 39, 103
PAMS; Physical Activity
Measurement Survey 104

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
(cat)

I

L + Tr + W

no

1d

T

Hrs + min

I

L + Tr + W

no

1d

T

Hrs + min

PDR; Previous Day Recall 54

I

L + Tr + W

no

1d

T

Hrs + min

Time Use Survey

D

L + Tr + W

no

1d

T

Hrs + min

105

Updated PDR; Updated
I
L + Tr + W
no
1d
T
Hrs + min
Previous Day Recall 106
a
b
Q=questionnaire; L=log; D=diary; I=interview. To=Total; H=Household; L=Leisure; Tr=Transport;
W=Work. c T=Total time; Br=breaks; Bou=bouts

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

40, 63, 70, 76, 78, 80, 87, 88

included total sitting

time, but also information about sitting bout duration or breaks in sitting time.
Validity
A total of 80 studies examined the validity of one or more methods to assess SB, resulting
in a comparison of 96 unique methods (Table 2). Of the 96 results, 5 were ranked with
an excellent quality of the study, 7 studies with a good quality , 9 with a fair quality and
75 with a poor quality . The most important shortcoming of the validation studies was
the use of an accelerometer (n=62) to examine criterion validity of the method to assess

Subjective Methods to Assess Sedentary Behaviour

135

SB. A total of 29 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. 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=48). Figure 2A
provides an overview of the correlation coefficient of all individual studies combined with
the quality of the study.

6

54%
44 (14)
GBR
88%
M: 38 (8) F: 50 (7)
SVN
45%
35 (10)
BEL, ESP, GBR

GPAQ: Global Physical Activity Questionnaire 65

GPAQ: Global Physical Activity Questionnaire 42
32
Kastelic et al. 2019

31%
49.4 y (range:
19.8–68.7)
USA
43%
28.3 (12.2)
DEU

GPAQ: Global Physical Activity Questionnaire 54

Rudolf et al. 2020

31

Metcalf et al. 2018

30

GPAQ: Global Physical Activity Questionnaire 108

Laeremens et al. 2017

26

GPAQ: Global Physical Activity Questionnaire 122

Cleland et al. 2014

28

Chu et al. 2018

29

Comparison
measure

0.317 P=0.041

Self-administered: 0.46
(0.18; 0.68)
Interview administered:
0.12 (-0.11; 0.33)
0.187
P=0.135

P<0.01

0.574

Correlation
(95%CI)

Validity

ActiGraph GT3X+

GPAQ with illustration
of exemplary physical
activities: 0.32 P=0.02
GPAQ without
illustration: 0.29 P=0.03

Sensewear armband Mid-season: 0.09
P>0.05
Summer: 0.25 P<0.01
Winter: 0.24 P<0.01
ActiGraph GT9X
0.19

ActivPAL 3

Actigraph GT3X

Actigraph GT3X-BL

1-item questionnaires
Actigraph GT1 M

15%
71.96 (5.48)
ESP
31%
20-65 y
SGP

N

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

EEPAQ; Elderly EXERNET Physical Activity
73
Questionnaire 25
Lopez-Rodriguez et al. 2017
GPAQ: Global Physical Activity Questionnaire 78

Subjective tool

Study population

Table 2 | Construct validity of subjective sedentary behaviour measurement tools.

With illustration:
−9.3 min/day (LoA
-322.1; 303.5), without
illustration: −18.3 min/
day (LoA -313.7; 277.1)

MD 8 min (LoA -75; 92)

MD -165 min
(LoA -429; 99)

MD -175.8 min; (LoA
-556.1 ; 206.5); More
details are provided in
study
MD -348.7 min (LoA
-721.1; 23.7)

Other results

Poor

Poor

Poor

Fair

Poor

Poor

Poor

Quality
of study
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49%
M: 43.8 (15.8)
F: 44.3 (16.5)
USA
33%
42.9 y (8.9)
SWE
34%
74.5 (7.6)
AUS

419

284

37

44

PPAQ; Paffenbarger Physical Activity
Questionnaire 37 Simpson et al. 2015

SED-GIH 38
Larsson et al. 2018

SQ; Single Question 39
Aguilar-Farias et al. 2015

SQ; Single Question 41
Clemes et al. 2012
30%
41.5 (12.8)
GBR

40%
19-60+ y
AUS

70

49%
47.0 (15)
CHE
2721 25-73%
18–65 y
12 countries
313 0%
42.8 (11.9)
CAN
289 45%
35.9 (11.3)
GBR, USA, NLD

Modified MOSPA-Q; MONICA Optional
Study on Physical Activity Questionnaire 36
Chau et al. 2012

Wanner et al. 2017
IPAQ (short); International Physical Activity
Questionnaire 34
Craig et al. 2003
IPAQ (short); International Physical Activity
Questionnaire 52
Prince et al. 2018
IPAQ (short); International Physical Activity
Questionnaire) 53
Rosenberg et al. 2008

27

GPAQ: Global Physical Activity Questionnaire 366

0.47 P≤0.001

0.31 (P<0.001)

ActiGraph GT1M

ActivPAL 3

ActivPAL

Actical

ActiGraph GTIM

Fair

Poor

0.33; wk 0.31; wknd
0.28

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

Poor

Poor

Poor

Poor

Excellent

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

IPAQ:
MD 451.9 – 0.826* min

Poor

Poor

0.31 (95% CI 0.20–
0.41), P<0.001

0.20 (0.14; 0.33)

0.52 P<0.01

accelerometer (CSA 0.34
model 7164)

ActiGraph GT3X

Accelerometer (CSA Range: 0.07 – 0.61
7164)

Actigraph GT3X+
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6

75%
46.5 (10.8)
USA

13

13

58

T-SQ; Total sitting questionnaire 43
Kozey-Keadle et al. 2012

TV-Q; TV viewing 43
Kozey-Keadle et al. 2012

YPAS; Yale Physical Activity Survey for Older
Adults 44
Gennuso et al. 2015
21%
75.1 (6.5)
USA

75%
46.5 (10.8)
USA

48%
64 – 83 y
GBR

700

N

Comparison
measure

ActiGraph GT1M

ActivPal

ActivPal

ActivPal

1-item questionnaires

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

Study population

TASST; TAxonomy of Self-report SB Tools
40
1) Single item total times; 2) Single item
proportion; 3) TV time
Chastin et al. 2018

Subjective tool

Table 2 continued

wk: 0.07; wknd: -0.11

wk 0.41; wknd 0.55

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

Correlation
(95%CI)

Validity

kappa -0.0003,
(-0.0025; 0.0019)

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

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

Other results

Poor

Poor

Poor

Excellent

Quality
of study
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36%
30.1 (3.6)
NLD
41%
51.7 y
(range 31-72)
USA

21%
75.1 (6.5)
USA
77%
22-78 y
BEL

47

713

870

58

81

AQuAA; Activity Questionnaire for Adults
and Adolescents 47
Chinapaw et al. 2009

Cancer Prevention Study-3 Sedentary Time
Survey 48
Rees-Punia et al. 2018

CHAMPS; Community Health Activities
Model Program for Seniors 49
Hekler et al. 2012

CHAMPS; Community Health Activities
Model Program for Seniors 44
Gennuso et al. 2017

FPACQ; Flemish Physical Activity
Computerized Questionnaire 50
Matton et al. 2007

43%
66 – 80+
USA

60%
44.9 (9.8)
DNK

183

Gupta et al. 2017 46

41.4%
33.1 (10.7)
CHI, FIN

70

Gao et al. 2017 45

0.14 P=0.28

0.12 P<0.001

0.41 (0.35; 0.47)

0.32 P<0.001

3 months: 0.53 (95% CI
0.34-0.68), P<0.001
Previous day: 0.53 (95%
CI 0.45-0.61) P<0.001

RT3 Triaxial Research Employed /
Tracker + activity
unemployed
record
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)

ActiGraph GT1M

Actigraph
model 7164 and
71256

Actigraph GT3x
accelerometer +
diary

Actigraph model
7164

Actigraph GT3X

Thigh-mounted
accelerometer

Poor

ICC 0.15

Poor

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

Poor

Poor

MD –2841.6 min
(LoA -4476.7; -1206.5)

Poor

Poor

MD 204.1 min
(LoA 112.4-0.6*min;
463.6+ 0.6*min)

3 months: MD 2.4% (LoA Poor
-0.5%; 5.3%)
Previous day: MD 2.2%
(LoA 0.7%; 3.6%)
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37%
18-60+ y
AUS
57%
71.8 (6.6) y
GBR

95

228

2721 25-73%
18–65 y
12 countries
289 45%
35.9 (11.3)
GBR, USA, NLD
86
48%
73.7 (6.3)

IPAQ (long); International Physical Activity
Questionnaire 91
Chau et al. 2011

IPAQ (long); International Physical Activity
Questionnaire 55
Cleland et al. 2018

IPAQ (long); International Physical Activity
Questionnaire 34
Craig et al. 2003
IPAQ (long); International Physical Activity
Questionnaire 53
Rosenberg et al. 2008
IPAQ (long); International Physical Activity
Questionnaire 56
Ryan et al 2018

67%
41.1 (9.0)
GBR

69

IPAQ (long); International Physical Activity
Questionnaire 35
Chastin et al. 2014

41.4 (9.8)
BEL

Comparison
measure

Wk: 0.70 (P<0.01)
Wknd: 0.26

Wk: 0.47
Wknd: 0.31
Total: 0.46

0.159
(P=0.193)

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

Correlation
(95%CI)

Validity

Poor

Good

Poor

Quality
of study

Poor

MD 27.6 (LoA ± 26.5 hrs/ Poor
week)

GENEA, (GENEactiv 0.29
Original)

Wk: MD -168.6 min (LoA Poor
-451.8; 114.6). Wknd:
MD -173.9 (LoA -441.6;
93.8)
Poor

ICC 0.149

Other results

0.33

accelerometer (CSA
model 7164)

Accelerometer (CSA Range: 0.14 – 0.51
model 7164)

Actigraph GT3X+

Actigraph GT1M

ActivPal

2-9-item questionnaires
SenseWear +
electronic activity
diary

405

N

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

Study population

FPACQ; Flemish Physical Activity
Computerized Questionnaire 51
Scheers et al. 2012

Subjective tool

Table 2 continued
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PASBAQ; Physical Activity and Sedentary
Behaviour Assessment Questionnaire 62
Scholes et al. 2014

PAS2; Physical Activity Scale 61
Pedersen et al. 2017

34

OSPAQ; Occupational Sitting and Physical
Activity Questionnaire 58
Pedersen et al. 2016
OSPAQ; Occupational Sitting and Physical
Activity Questionnaire 59
van Nassau et al. 2015
25%
45.62 (10.96)
AUS
14%
38 (11)
AUS

41%
18 - 50+
AUS

45%
54.6
CHE
32%
38.8 (9.9)
USA
40%
19-60+ y
AUS

38%
46.7 (8.5)
DNK
2175 46%
M: 52.7 (17.7)
F: 51.8 (17.8)
GBR

330

42

41

76

41

346

OSPAQ; Occupational Sitting and Physical
Activity Questionnaire 60
Jancey et al. 2014

IPAQ (long); International Physical Activity
Questionnaire 33
Wanner et al. 2016
OPAQ; Occupational Physical Activity
Questionnaire 57
Reis et al. 2005
OSPAQ; Occupational Sitting and Physical
Activity Questionnaire 36
Chau et al. 2012

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)

ActiGraph GT1M

Poor

Poor

only figures available for Fair
MD and LoA

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

MD −2.3 hrs
(LoA −9.04; 4.34)

Poor

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

0.90

0.197 (P=0.053)

Poor

Actiheart

ActivPAL

ActivPal

Poor

Poor

MD 22 min (LoA -141.53; Poor
185.18)

MD 26.4 min
(LoA -12.0; 64.9)

MD –25.4 min
(LoA -784.7; 733.9)

0.65 P<0.01

0.37

0.42 P≤0.001

ActiGraph
0.58 (0.33; 0.75)
GT3X + on the waist
or thigh

ActiGraph GTIM

Physical activity
record

Actigraph GT3X

Subjective Methods to Assess Sedentary Behaviour
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19%
M: 63 (9)
F: 55 (10)
USA
53%
26 y (IQR 23; 31)
AUS

57

667

50

PAST-U; Past-day Adults’ Sedentary Time
University) 64
Clark et al. 2016

PAT Survey; Physical Activity and Transit
Survey 65
Yi et al. 2015

RPAQ; Recent Physical Activity
Questionnaire67
Besson at el. 2010

SenseWear Pro3
Armband

Regicor Short Physical Activity Questionnaire 114
68
Molina et al. 2017

45%
54.5 (12.1)
ESP

Actiheart

Doubly labeled
water and
accelerometerwith
heart rate

ActiGraph GT3X

ActivPAL

ActiGraph® GT3X

RPAQ; Recent Physical Activity Questionnaire 1923 30%
66
F: 54.0 (9.3), M:
Golubic et al. 2014
55.0 (9.9)
EUR

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

39%
18 – 65+
USA

Comparison
measure

2-9-item questionnaires

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

32

N

Study population

PASB-Q; Physical Activity and Sedentary
Behavior Questionnaire 63
Fowles et al. 2017

Subjective tool

Table 2 continued

0.244 (P=0.020)

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

0.27 (P = 0.06)

0.32
P <0.001

0.63 (0.44; 0.76)

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

Correlation
(95%CI)

Validity

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

0.7 hrs (LoA 6 2.8)

MD: 49 min
(LoA −441; 343)

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

Other results

Poor

Poor

Poor

Poor

Good

Poor

Quality
of study
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37%
18 - 60+
AUS
27%
72.8 (8.1)
AUS
47%
40.5 (14.3)
FRA

143

48

SITBRQ: Workplace Sitting Breaks
Questionnaire 70 Pedisic et al. 2014

Stand Up For Your Health Questionnaire 71
Gardiner et al. 2011

48%
64 – 83 y
GBR

36%
70 (68-76)
USA
100%
65.4 (8.7)
SWE

700

44

148

TASST; TAxonomy of Self-report SB Tools 40
4) Sum of domains; 5) Patterns
Chastin et al. 2018

Survey of older adults’ sedentary time 73
Gennuso et al. 2016

Web-based physical activity questionnaire
Active-Q 74
Bonn et al. 2015

STAQ; Sedentary, Transportation and Activity 88
Questionnaire 72
Mensah et al. 2016

48%
54.5 (8.4)
USA

118

SCCS PAQ; Southern Community Cohort
Study Physical Activity Questionnaire 69
Buchowski et al. 2012

GENEA
Accelerometer

ActivPAL

ActivPal

Actigraph GT3X+
+ Log

ActiGraph GTIM

Actigraph GT1M

RT3 Stayhealthy

0.19 (0.04; 0.34)

0.06
(P=0.72)

Total ICC 0.44 (0.25;
0.60)

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)
TV/DVD 0.46 (P<0.001)
Computer/tablet/video
game 0.42 (P<0.001)
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

Poor

Poor

MD -178 min (LoA
-606,25)

Poor

Previous day
Excellent
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
MD 0.31 hrs (LoA -6.74; Fair
7.37)

MD -9.20 + 0.67 hrs
(LoA ± 3.82)

Poor

Freq : 0.24 (0.07; 0.40)
Duration: 0.05 (−0.12;
0.22)
0.30 (0.02; 0.54)

Poor

Range 0.17-0.30

Subjective Methods to Assess Sedentary Behaviour
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Comparison
measure

38%
M 69 (66 - 80)
F 74 (59 - 83)
USA
40%
Accelerometer
Median 34.9
(28.5–46.0)
AUS
39.8%; 50.1 (7) yr; Active
JPN
style Pro, HJA-350IT

24

121

392

Cartmel et al. 1992 81
Questionnaire A
Questionnaire B

Clark et al. 2011 76

Ishii et al. 2018 94

Diary

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

2-9-item questionnaires
ActivPAL

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

62

N

Study population

WSWQ; Percentage-Method Improves
Properties of Workers’ Sitting- and WalkingTime Questionnaire 75
Matsoe et al. 2016

Subjective tool

Table 2 continued

Sedentary time
0.39 (0.22; 0.53)
Sedentary breaks
0.26 (0.11; 0.44)
Total 0.49, P < 0.001
Workdays 0.57, P <
0.001
Non-workdays 0.23, P
< 0.001

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

Correlation
(95%CI)

Validity
Quality
of study

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

Sedentary time
MD -2.75 + 0.47* hrs
(LoA ±2.25)

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

Poor

Poor

Poor

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

Other results
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58%; 32.1 (9.9);
AUS

53%
44.4 (14.2)
IND
44%
34.5 (7.7)
USAA

52

78

20

520

25

Sudholz et al. 2017 80

ASBQ; Adult Sedentary Behaviour
Questionnaire 29
Chu et al. 2018

D-SQ; Domain-Specific Questionnaire 43
Kozey-Keadle et al. 2012

MPAQ; Madras Physical Activity
Questionnaire 82
Anjana et al. 2015

MSTQ; Multicontext Sitting Time
Questionnaire 83
Whitfield et al. 2013

75%
46.5 (10.8)
USA

ActiGraph
GT1M

GT3X+ Triaxial

ActivPal

31%; 20-65 y; SGP Actigraph GT3X-BL

≥10-item questionnaires

ActivPal

Work 0.34 P=0.13
Non-working 0.61
=0.01

0.48 (0.32; 0.62)

Poor

Poor

Poor

wk 0.30; wknd:0.17

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

Poor

Self-administered: 0.31 MD 4.6 min/d (LoA
(-0.02; 0.58; Interview -431.2; 440.4); More
administered:
details see full study
-0.07 (-0.37; 0.24)

Good

Poor

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

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

53%
40.9 (8.6)
DNK

26

Lagersted-Olsen et al. 2014 78

ActiGraph GT3X+
+ diary

Poor

MD 300 min (LoA −6;
607)

0.17
P<0.001

1377 100%; 79 (71-93); ActiGraph
GBR
GT3X +

Jefferis et al. 2016 77

Subjective Methods to Assess Sedentary Behaviour
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Comparison
measure

4%
≤ 19 y: 48%
20-24 y: 52%
CAN
88%
M: 38 (8) F: 50 (7)
SVN

23

42

313
842

NIGHTLY-WEEK-U 85
Moulin et al. 2019

SBQ: Sedentary Behaviour Questionnaire 32
Kastelic et al. 2019

SBQ; Sedentary Behaviour Questionnaire 52
Prince et al. 2018

SBQ; Sedentary Behaviour Questionnaire 86
Rosenberg et al. 2010
48%
M: 43.9 (8.0)
F: 41.2 (8.7)
USA

5%; 42.8 (11.9)
CAN

ActivPAL4

12%
≤ 19 y: 64%
20-24 y: 36%
CAN

25

PAST-WEEK-U 85
Moulin et al. 2019

Actigraph (model
WAM 7164)

ActiGraph GT3X

ActivPAL 3

ActivPAL4

GENEActive

≥10-item questionnaires

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

1752 49%
60.5 (9.4)
CHE

N

Study population

PAFQ: Physical Activity Frequency
Questionnaire 84 Verhoog et al. 2019

Subjective tool

Table 2 continued

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

0.43 (P<0.001)

0.018, P=0.910

Total minutes 0.37
(0.33; 0.41)
Total % of time 0.39
(0.35; 0.43)

Correlation
(95%CI)

Validity

Fair

Poor

Poor

Poor

Quality
of study

Poor

MD 350.27-0.6685* min Poor

MD -181 min
(LoA -467; 105)

MD 0.21 hrs/day
(LoA -1.75; 2.17)

MD 0.09 hrs/day (LoA
-5.38; 5.55)

No exact numbers
available for MD and
LoA, figure only

Other results
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41%
38.0 (19.5)
CAN

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

34

66

SIT-Q; Sedentary Behavior Questionnaire 87
Lynch et al. 2014

SIT-Q-7d; last 7-d sedentary behavior
questionnaire 88
Busschaert etl al. 2015

ActivPAL

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)
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

Poor

Subjective Methods to Assess Sedentary Behaviour
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38%
38.4 (11.3)
BEL

40%
M: 50.6 (6.9)
F: 46.0 (8.6)
CAN
48%
64 – 83 y
GBR

102

700

95

STAR-Q 90
Csizmadi et al. 2014

TASST TAxonomy of Self-report SB Tools 40
6) Sum of behaviours
Chastin et al. 2018

WSQ; Workforce Sitting Questionnaire 91
Chau et al. 2011
37%
18-60+ y
AUS

Comparison
measure

Actigraph GT1M

ActivPal

Doubly Labeled
Water and 7-d
activity diary

ActivPAL + domain
log

≥10-item questionnaires
53

N

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

Study population

SIT-Q-7d; last 7-d sedentary behavior
questionnaire 89
Wijndeale et al.2014

Subjective tool

Table 2 continued

Previous day
6) 0.23
Previous wk
6) 0.32
Unanchored
6) 0.33
All P-values<0.001
Work: 0.45
workday: 0.34
non-work: 0.23
Total: 0.40

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
Total 0.40 P<0.001
Occupational sitting
0.75

Correlation
(95%CI)

Validity

Excellent

Poor

Good

Quality
of study

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

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

Dutch
MD 59 min (LoA -4.81;
8.17)

Other results

148
Chapter 6

25%
45.1 (16.4)
USA

546

700

44

WSQ; Workforce Sitting Questionnaire 92
Toledo et al. 2019

Clark et al. 2015 93

Clemes et al. 2012 41

45%
59 y (range 3565+)
AUS
30%
41.5 (12.8)
GBR

14%
38 (11)
AUS

42

WSQ; Workforce Sitting Questionnaire 59
van Nassau et al. 2015

ActiGraph

ActivPAL3

ActivPAL

ActivPAL

Fair

0.53*average hrs (LoA
±4,32 h)
ICC
Domain:
wk: 0.64 (P<0.001)
wknd: 0.20 (P=0.23)

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

Poor

Excellent

MD (95% CI):
Poor
Work hours 47.9
minutes (39.2; 56.6)
Non work hours on
workdays -38.3 (-47.4;
-29.1)
Non work hours on nonworkdays -106.7 (-124.0;
- 89.5)
Kappa agreement (95%
CI): 0.13 (0.08; 0.18)

No exact numbers
available for MD and
LoA, figure only

0.46 (0.40; 0.52)

Day 1: 0.25 (P>0.05)
Day 2: 0.29 (P>0.05)
Day 3: 0.30 (P>0.05)
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45%
74.2 (6.2)
BEL
51%
74.3 (6.9)
NLD
48%
26.5 (4.1)
USA

442

83

Van Cauwenberg et al. 2014 96

Visser et al. 2013 97

7-day SLIPA Log; (7-day Sedentary and Light 22
Intensity Physical Activity Log) 98
Barwais et al. 2014

Marshall et al. 2010

Comparison
measure

Logs and diaries
GT3X

Actigraph Model
GT3X

Actigraph GT3X +

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

≥10-item questionnaires
38%
F: 51-59
M: <50 - >60
AUS

95

N

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

Study population

101

Subjective tool

Table 2 continued

0.86 (0.70; 0.94)

0.35 (P<0.05)

0.30 (P<0.001)

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

Correlation
(95%CI)

Validity
Quality
of study

MD -0.3 hrs
(LoA -2.1; 1.6)

MD -2.1 hrs
(LoA −7.40; 3.25)

Poor

Poor

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

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

Other results
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17

49

BeWell24 Self-Monitoring App
Toledo et al. 2017 100

cpar24; Computer-Based 24-Hour Physical
Activity Recall Instrument 101
Kohler et al. 2017
EMA; Ecological Momentary Assessment 102
Knell et al. 2017

Kim et al. 2017
PDR; Previous Day Recall 54
Kozey Keadle et al. 2014

104

15

33
MARCA; Multimedia Activity Recall for
Children and Adults 39
Aguilar-Farias et al. 2015
58
MARCA; Multimedia Activity Recall for
Children and Adults 103
Gomersall et al. 2015
PAMS; Physical Activity Measurement Survey 1356

168

32

BAR; Bouchard Activity Record 99
Hart et al. 2011

34%
74.5 (7.6)
AUS
52%
28 (7.4)
AUS
42%
46.2 (SE 0.4)
USA
47%
33.1 (11.5)
USA

49%
50 (22-69)
DEU
33%
43.4 (13.1)
USA

50%
F: 30.2 (9.5)
M: 29.1 (7.9)
USA
85%
49.0 (8.9)
USA
Poor

MD −31 min
(LoA −380; 319)

Poor

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

SenseWear
Armband Mini
Direct observation

Good

0.77 (0.64; 0.86) P<0.01 MD 0.59 hrs (LoA -2.35;
3.53)

ActivPAL

ICC
Poor
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)

LoA −618.6; 176.0 min

Fair

Poor

Poor

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

Fair

day 0.63; wk: 0.67;
wknd: 0.47

0.16 (P=0.03)

0.54

0.87
P<0.05

ActivPAL 3

ActiGraph GT3X

ActiGraph GT3X

ActivPAL3c

ActivPAL

Subjective Methods to Assess Sedentary Behaviour
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46%, 41.3 (14.8)
USA

88

Updated PDR; Updated Previous Day Recall

Matthews et al. 2013

106

59%
18-63
AUS

129

N

Comparison
measure

ActivPal

ActiGraph GT1M

Logs and diaries

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

Study population

Time Use Survey
van der Ploeg et al. 2010 105

Subjective tool

Table 2 continued

M 0.81 (0.05); F 0.81
(0.04)

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)

Correlation
(95%CI)

Validity

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

Other results

Good

Poor

Quality
of study
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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 0.32-0.39], I2: 90%). Furthermore, correlation coefficient
estimates of the questionnaires with ≥10-item (R = 0.37 [95% CI 0.30-0.43], I2: 86%)) did
not differ much from the questionnaires with fewer items (1-item questionnaire R =0.34
[95% CI 0.30-0.39], I2: 68%; 2 to 9-item questionnaires R =0.35 [95% CI 0.29-0.41], I2: 93%)
(Figure 2A). Stratified analyses, including only studies examining questionnaires with a
good-to-excellent quality, revealed similar results (R questionnaires = 0.35 [95% CI 0.280.42], I2: 87%).
Reliability
Reliability for total sitting time and number of breaks in sitting time was determined in 44
studies. One study was rated with excellent quality; other studies were rated with good
(n=27), fair (n=16), and poor (n=8) quality. Most studies with a lower quality of the study
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=40, 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=6), 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.

6

154

Chapter 6

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, Kastelic et al. 2019; 5 GPAQ, Laeremens et al. 2017;
6 GPAQ, Metcalf et al. 2018; 7 GPAQ, Rudolf et al. 2020; 8 GPAQ, Wanner et al. 2017; 9 IPAQ (short), Craig et al. 2003; 10 IPAQ (short), Prince et al. 2018;
11 IPAQ (short), Rosenberg et al. 2008; 12 Modified MOSPA-Q, Chau et al. 2012; 13 PPAQ, Simpson et al. 2015; 14 SED-GIH, ; 15 SQ, Aguilar-Farias et al.
2015; 16 SQ, Clemes et al. 2012; 17 TASST Single item total times, Dontje et al. 2018; 18 TASST TV time, Dontje et al. 2019; 19 TASST Single item total times,
Chastin et al. 2018; 20 TASST Single item proportion, Chastin et al. 2018; 21 TASST TV time, Chastin et al. 2018; 22 T-SQ, Kozey-Keadle et al. 2012; 23 TV-Q,
Kozey-Keadle et al. 2012; 24 YPAS, Gennuso et al. 2015; 25 Single item proportion (3 months), Gao et al. 2017; 26 Single item proportion (1 day), Gao et al.
2017; 27 Gupta et al. 2017 (50); 28 AQuAA, Chinpaw et al. 2009; 29 Cancer Prevention Study-3 Sedentary Time Survey, Rees-Punia et al. 2018; 30 CHAMPS,
Hekler et al. 2012; 31 CHAMPS, Gennuso et al. 2017; 32 FPACQ, Matton et al. 2007; 33 FPACQ, Scheers et al. 2012; 34 IPAQ (long), Chastin et al. 2014; 35
IPAQ (long), Chau et al. 2011; 36 IPAQ (long), Cleland et al. 2018; 37 IPAQ (long), Craig et al. 2003; 38 IPAQ (long), Rosenberg et al. 2008; 39 IPAQ (long),
Ruan et al. 2018; 40 IPAQ (long), Wanner et al. 2016; 41 OPAQ, Reis et al. 2005; 42 OSPAQ, Chau et al. 2012; 43 OSPAQ, Jancey et al. 2014; 44 OSPAQ,
Pedersen et al. 2016; 45 OSPAQ, van Nassau et al. 2015; 46 PAS2, Pedersen et al. 2017; 47 PASBAQ, Scholes et al. 2014; 48 PASB-Q total SB, Fowles et al.
2017; 49 PASB-Q breaks, Fowles et al. 2017; 50 PAST-U, Clark et al. 2016; 51 PAT Survey, Yi et al. 2015 ; 52 RPAQ, Besson at el. 2010; 53 RPAQ, Golubic et
al. 2014; 54 Regicor Short Physical Activity Questionnaire (68) Molina et al. 2017; 55 SCCS PAQ, Buchowski et al. 2012; 56 SITBRQ bout frequency, Pedisic
et al. 2014; 57 SITBRQ bout duration, Pedisic et al. 2014; 58 Stand Up For Your Health Questionnaire, Gardiner et al. 2011; 59 STAQ, Mensah et al. 2016; 60
TASST, Sum of domains, Dontje et al. 2018; 61 TASST Sum of domains, Chastin et al. 2018; 62 TASST Patterns, Chastin et al. 2018; 63 Survey of older adults’
sedentary time, Gennuso et al. 2016; 64 Web-based physical activity questionnaire Active-Q, Bonn et al. 2015; 65 WSWQ Time method, Matsoe et al. 2016;
66 WSWQ Percentage method, Matsoe et al. 2016; 67 Sedentary time, Clark et al. 2011; 68 Sedentary breaks, Clark et al. 2011; 69 Jefferis et al. 2016; 70
Lagersted-Olsen et al. 2014 ; 71 Mielke et al. 2020; 72 Sitting time, Sudholz et al. 2017; 73 Sitting breaks, Sudholz et al. 2017; 74 ASBQ, Chu et al. 2018; 75
D-SQ, Kozey-Keadle et al. 2012 ; 76 MPAQ, Anjana et al. 2015; 77 MSTQ, Whitfield et al. 2013; 78 PAFQ sitting time, Verhoog et al. 2019; 79 PAFQ sitting
proportion, Verhoog et al. 2019; 80 PAST-WEEK-U, Moulin et al. 2020; 81 NIGHTLY-WEEK-U, Moulin et al. 2020; 82 SBQ, Kastelic et al. 2019; 83 SBQ, Prince
et al. 2018 ; 84 SBQ, Rosenberg et al. 2010 ; 85 SIT-Q, Lynch et al. 2014 ; 86 SIT-Q-7d, Busschaert et al. 2015; 87 SIT-Q-7d, Wijndeale et al.2014; 88 STAR-Q,
Csizmadi et al. 2014; 89 TASST Chastin et al. 2018; 90 WSQ, Chau et al. 2011; 91 WSQ, van Nassau et al. 2015 ; 92 WSQ, Toledo et al. 2019 ; 93 Clark et
al. 2015; 94 Clemes et al. 2012; 95 Ishii et al. 2018; 96 Marshall et al. 2010; 97 Van Cauwenberg et al. 2014; 98 Visser et al. 2013 (83); 99 7-day SLIPA Log,
Barwais et al. 2014; 100 BAR, Hart et al. 2011; 101 BeWell24 Self-Monitoring App, Toledo et al. 2017; 102 cpar24, Kohler et al. 2017; 103 EMA, Knell et al.
2017; 104 MARCA, Aguilar-Farias et al. 2015; 105 MARCA, Gomersall et al. 2015; 106 PAMS, Kim et al. 2017; 107 Time Use Survey, van der Ploeg et al. 2014;
108 Updated PDR, Matthews et al. 2013. The studies within each category are place randomly to avoid overlap when they are aligned. An ICC>0.90 was
considered as excellent, ICC between 0.75-0.90 was considered as good, ICC between 0.50–0.75 as moderate and >0.50 as poor.
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38
18

1 wk
1d, 1wk

SQ; Single Question 39. Aguilar-Farias et al. 2015

TASST; TAxonomy of Self-report SB Tools 42
1) Single item total times; 2) TV time. Dontje et al. 2018

94

130

3-6 mo

5.2 d (min
1 d, max
16 d)

75

1 wk

Modified MOSPA-Q; MONICA Optional Study on Physical
Activity Questionnaire 36. Chau et al. 2012
PPAQ; Paffenbarger Physical Activity Questionnaire 37.
Simpson et al. 2015

SED-GIH 38. Larsson et al. 2018

255/257

3-7 d

IPAQ (short); International Physical Activity Questionnaire)53.
Rosenberg et al. 2008

2721

78

1 wk

8-10 d

73

2 wk

Interval
n
1-item questionnaires

Reliability

IPAQ (short); International Physical Activity Questionnaire 34.
Craig et al. 2003

EEPAQ; Elderly EXERNET Physical Activity Questionnaire 25.
Lopez-Rodriguez et al. 2017
GPAQ; Global Physical Activity Questionnaire 29.
Chu et al. 2018

First author (year)
Measure examined

Table 3 | Reliability of subjective sedentary behaviour measurement tools.

Previous day recall:
1) 0.414 (0.227; 0.655)
2) 0.595 (0.412; 0.783)
Previous week recall:
1) 0.531 (0.1; 0.794)
2) 0.856 (0.657; 0.944)

D 0.79; wk 0.80; wknd: 0.78

0.86 (95% CI 0.79–0.90)

0.71 (0.61; 0.74)

Wk 0.59
Wknd 0.72
Total 0.81
0.54 (0.36; 0.68)

Self-administered: 0.68 (0.47;
0.82)
Interview-administered: 0.78
(0.64; 0.88)

0.68

ICC (95%CI)

Weighted
Kappa
0.77 (95% CI
0.68–0.86)

Correlation
3 mo 0.39
(0.33; 0.51)
6 mo 0.43
(0.43; 0.60)

Correlation
Range: 0.18 –
0.95

Other results

Poor

Fair

Good

Fair

Good

Good

Fair

Good

Good

Quality
of study
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58

10 d

1 wk

8-10 d

3-7 d

IPAQ (long); International Physical Activity Questionnaire 91
Chau et al. 2011

IPAQ (long); International Physical Activity Questionnaire 34
Craig et al. 2003

IPAQ (long); International Physical Activity Questionnaire 53.
Rosenberg et al. 2008

Matton et al. 2007

50

255/257

2721

95

102

748

6 mo

47

2-9-item questionnaires

70

1d

. 2 wk

47

58

10 d

FPACQ; Flemish Physical Activity Computerized Questionnaire 2 wk

CHAMPS; Community Health Activities Model Program for
Seniors 44 Gennuso et al. 2017

AQuAA; Activity Questionnaire for Adults and Adolescents
Chinapaw et al. 2009
CHAMPS; Community Health Activities Model Program for
Seniors 49. Hekler et al. 2012

YPAS; Yale Physical Activity Survey for Older Adults 44.
Gennuso et al. 2015
Gao et al. 2017 45

Total 0.82; Wk 0.81; Wknd 0.84

Good

wk: 0.69 (0.56; 0.78)
Wknd: 0.65 (0.51; 0.76)
Total: 0.73 (0.61; 0.81)

Good

Fair

Good

Employed / unemployed
Eat M 0.74 (0.53; 0.86); F 0.67
(0.43; 0.82)
Sleep M 0.84 (0.70; 0.92); F
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)

Fair

Good

Poor

Good

Range: 0.28 –
0.93

Day-to-day
variation: 9.4%
± 11.4%

Good

CHAMPS: 0.638
P<0.001

0.56

0.60 (0.40; 0.74)

0.588
P<0.001
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Regicor Short Physical Activity Questionnaire 68. Molina et al.
2017
RPAQ; Recent Physical Activity Questionnaire67. Besson at el.
2010

OPAQ; Occupational Physical Activity Questionnaire 57. Reis
et al. 2005
OSPAQ; Occupational Sitting and Physical Activity
Questionnaire 36. Chau et al. 2012
OSPAQ; Occupational Sitting and Physical Activity
Questionnaire 60 Jancey et al. 2014
OSPAQ; Occupational Sitting and Physical Activity
Questionnaire 58. Pedersen et al. 2016
PASB-Q; Physical Activity and Sedentary Behavior
Questionnaire 63.Fowles et al. 2017

First author (year)
Measure examined

Table 3 continued

n

35

7d

131

75

1 wk

F 14.3 (3.7)
d; M 16.4
(5.9) d

99

7d

114

84

1 wk

1 wk

41

2 wk

2-9-item questionnaires

Interval

Reliability

0.76 (P<0.001)

0.908 (0.867; 0.937)

0.44 (0.24; 0.60)

0.66 (0.49; 0.77)

0.89 (0.83; 0.92)

0.78 (0.62; 0.87)

ICC (95%CI)

No exact
numbers
available for
MD and LoA,
figure only

Correlation
Total SB: 0.85;
Breaks: 0.86;
Work: 0.88;
Leisure: 0.66;
All P<0.05

Other results

Good

Fair

Fair

Good

Good

Good

Fair

Quality
of study
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12–15 mo

7-14 d

SCCS PAQ; Southern Community Cohort Study Physical
Activity Questionnaire 69. Buchowski et al. 2012

SITBRQ: Workplace Sitting Breaks Questionnaire 70 Pedisic et
al. 2014
96

118

Correlation
Freq breaks:
0.71 (0.59;
0.79); Duration
breaks: 0.59
(0.45; 0.71)
Cohen’s kappa
Freq breaks:
0.74 (0.64;
0.84); Duration
breaks: 0.61
(0.38; 0.85)

Good

Poor
Correlation
Total: 0.33,
p=0.002
In car/bus: 0.33,
p=0.002
At work: 0.48,
p<0.001
Viewing TV/
movies: 0.53,
p<0.001
Using home
computer: 0.25,
p=0.02
Other: 0.24,
p=0.02
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n

78

62

1 wk

7d

148

3 wk

Mielke et al. 2020 79

44

7d

Survey of older adults’ sedentary time 73
Gennuso et al. 2016
Web-based physical activity questionnaire Active-Q 74
Bonn et al. 2015
WSWQ; Percentage-Method Improves Properties of Workers’
Sitting- and Walking-Time Questionnaire 75
Matsoe et al. 2016

48

32

7d

2-9-item questionnaires

Interval

Reliability

STAQ; Sedentary, Transportation and Activity Questionnaire 72 1 mo
Mensah et al. 2016

Stand Up For Your Health Questionnaire 71
Gardiner et al. 2011

First author (year)
Measure examined

Table 3 continued

Non-working time:
T= 0.49 (0.28 – 0.66); P=0.71
(0.56 – 0.81)
Non-working day:
T=0.64 (0.47 – 0.76); P=0.78
(0.66 - 0.86)

0.80 (0.74-0.86)

Total: 0.52 (0.27; 0.70); TV
viewing: 0.76 (0.62; 0.86);
Computer use: 0.79 (0.65; 0.88);
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)
Total 0.52 (0.22; 0.73); Leisure
0.37 (0.03; 0.62); Transport
0.28 (-0.06; 0.56); Work 0.71
(0.49; 0.84); See article for more
settings
0.48 P<0.001

ICC (95%CI)

Lin’s CCC 0.87
(0.81-0.92)

Other results

Poor

Good

Good

Fair

Good

Fair

Quality
of study
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59

543

1 mo
7.2 d (-3;
13.9)

MPAQ; Madras Physical Activity Questionnaire 82
Anjana et al. 2015

MSTQ; Multicontext Sitting Time Questionnaire 83
Whitfield et al. 2013
21

84

1 wk

≥10-item questionnaires

7d

ASBQ: Adult sedentary Behaviour Questionnaire 29
Chu et al. 2018

Sudholz et al. 2017 80

Good
Poor

Workday:
Total 0.76 (0.50; 0.89); Working/
reading/studying:
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)

Good

Self-administered:
Total 0.74 (0.51; 0.86); Work
0.70 (0.43; 0.84) ; Transport
0.59 (0.22; 0.78); 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)
Total: 0.81
TV viewing: 0.67

Good

Sitting time 0.78 (0.65; 0.86)
Breaks 0.65 (0.48; 0.78)
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SBQ; Sedentary Behaviour Questionnaire 86
Rosenberg et al. 2010

First author (year)
Measure examined

Table 3 continued

n

2 wk

49

≥10-item questionnaires

Interval

Reliability

Weekdays:
Total: 0.85 (0.75; 0.91) TV: 0.86
(0.76; 0.92) Computer 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).

ICC (95%CI)

Other results
Fair

Quality
of study
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Adults: 14
±5d
Older
adults: 9 ±
1d
3.3 wk (2;
8 wk)

SIT-Q-7d; last 7-d sedentary behavior questionnaire 88
Busschaert etl al. 2015

SIT-Q-7d; last 7-d sedentary behavior questionnaire
Wijndeale et al.2014
89

1 month

SIT-Q; Sedentary Behavior Questionnaire 87
Lynch et al. 2014

Dutch: 53
English:
281

42

64

Poor

Good

Average day
Dutch
Total: 0.68 (0.50; 0.81)
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

Good

Adults:
Range 0.06; 1.00
Older adults:
Range −0.20; 1.00

Total: 0.65 (0.49; 0.78)
Meals: 0.60 (0.42; 0.74)
Transportation: 0.59 (0.41; 0.73)
Work, study, and volunteering:
0.86 (0.78; 0.91)
Leisure: 0.61 (0.43; 0.74)
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n
95
96

18

95

3 mo
6 mo

1d, 1wk

1 wk

TASST TAxonomy of Self-report SB Tools 42
Dontje et al. 2018

WSQ; Workforce Sitting Questionnaire 91
Chau et al. 2011

≥10-item questionnaires

Interval

Reliability

STAR-Q 90
Csizmadi et al. 2014

First author (year)
Measure examined

Table 3 continued

Workday
Total: 0.65 (0.51; 0.75);
Transport: 0.67 (0.54; 0.77);
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)

Previous day recall: Sum of
behaviours 0.743 (0.591; 0.874)
Previous week recall: Sum of
behaviours 0.758 (0.462; 0.902)

Total: 0.53 (0.37; 0.66); 0.45
(0.28; 0.59);
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)

ICC (95%CI)

Other results

Good

Poor

Fair

Quality
of study
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34

101

2 wk

mean 11 d
(range
7–28 d)

Ishii et al. 2018 94

Marshall et al. 2010 95

Good

Work
M 0.86 (0.79; 0.90); F 0.79 (0.73;
0.84)
TV
M wk 0.65 (0.52; 0.75); wknd
0.62 (0.48; 0.73)
Computer
F wk 0.63 (0.52; 0.71); wknd:
0.72 (0.64; 0.79)
M wk 0.62 (0.48; 0.73); wknd:
0.59 (0.44; 0.71)

F Wk MD -3.9
min
(LoA -235.4;
227.5)
Wknd MD
-5.6 min (LoA
-125.1; 113.9)

Total sedentary
time
M Wk MD
-4.3 min (LoA
-189.2; 180.7)
Wknd MD
-8.1 min (LoA
-195.0; 178.8)

Fair

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

23 d (SD 8)

Visser et al. 2013 97
63

428

17

67

38
134

2 wk

3 hrs

0.5-1 hrs
7d

BeWell24 Self-Monitoring App 100
Toledo et al. 2017

cpar24; Computer-Based 24-Hour Physical Activity Recall
Instrument 101
Kohler et al. 2017
MARCA; Multimedia Activity Recall for Children and Adults 39
Aguilar-Farias et al. 2015
Time Use Survey 105
van der Ploeg et al. 2014

Logs and diaries

8 d (1.7)

≥10-item questionnaires

Interval

Reliability

Van Cauwenberg et al. 2014 96

First author (year)
Measure examined

Table 3 continued

2 days before 0.72; yesterday
0.96
Non-occupational
0.55 (0.42; 0.66)
Occupational
0.63 (0.51; 0.72)

0.75

0.65 (0.43; 0.82)

Total 0.77 (0.57; 0.89)
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)
0.71 (0.57; 0.81)

ICC (95%CI)

Other results

Excellent

Fair

Fair

Poor

Fair

Good

Quality
of study
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Discussion
Time spent in SB has markedly increased over the last few decades and is expected to
continue to increase even further.107 Since SB is associated with many adverse health
outcomes4-6, exposure to excessive levels of SB represents an emerging health threat,
particularly in the least physically active.108 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.
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 quality 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 identification of one (or few) questionnaire(s) that can be
recommended for all type of future research that aim to 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
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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, 109 whereas wider limits of agreement in questionnaires are
present with multiple items22. 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 ≥10-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.40
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.40, 95, 109 Finally, multiple-item questionnaires may over-report SB because 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.110 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
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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.109
Choosing an appropriate measurement tool
Logs and diaries have a higher validity compared to the questionnaires, are less reliant on
long-term recall and can more accurately capture sporadic and intermittent behaviours.
Therefore, we recommend logs and dairies as self-reported measurement tools. However,
important limitations such as time constrains, lack of resources and the potential to
influence participants’ behaviour, make them less useful for large-scale observational
studies and/or intervention studies. Within the spectrum of questionnaires, there is no
obvious preference for a single questionnaire. In fact, the most appropriate tool seems
to depend on the nature of the study, especially since this review showed large variety in
both validity and questionnaire characteristics (i.e. type and context of SBs). Therefore,
some studies will benefit from questionnaires focusing on specific domains of SB, whilst
others will benefit from a reliable estimate of total sedentary time or distribution of SB.
Furthermore, when performing an intervention study, measures will benefit from the ability
to measure changes across time. Since this ability was not examined within this review,
we cannot make specific recommendations related to this type of studies. Nonetheless,
these characteristics should be taken into account when planning such studies. Ultimately,
and when feasible, a combination of objective and subjective assessments is preferred to
provide valid and reliable insight into SB.

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, 1-item questionnaires may be preferred in large-scale studies when showing
similar validity and reliability compared to longer questionnaires. Whenever feasible, the
combination of objective and subjective assessments will provide the most valid and
reliable method to assess SB.
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Sedentary behaviour

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.

Database

MEDLINE

EMBASE

Supplemental Table 1| Search strategy for three databases.

Supplemental tables

Validity/reproducibility
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.

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/

Self-reported measures
"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 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.
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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) )

Database

SPORTDiscus

Supplemental Table 1 continued
Validity/reproducibility
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))

Self-reported measures
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))))
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We generate fears while we sit.
We overcome them by action.
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Abstract

Background. Sedentary behaviour (SB) is associated with increased risks of detrimental
health outcomes. Few studies have explored correlates of SB in physically active
individuals. Furthermore, SB correlates may depend on settings of SB, such as occupation,
transportation and leisure time sitting. This study aims to identify subject-, lifestyle- and
health-related correlates for total SB and different SB domains: transportation, occupation,
and leisure time.
Methods. Dutch participants were recruited between June, 2015 and December, 2016.
Participant characteristics (i.e. age, sex, weight, height, marital status, education level,
employment) lifestyle (sleep, smoking, alcohol consumption, physical activity) and medical
history were collected via an online questionnaire. SB was assessed using the Sedentary
Behavior Questionnaire and estimated for 9 different activities during weekdays and
weekend days. Logistic regression was used to calculate odds ratios and 95% confidence
intervals for the association between correlates and SB. Total SB was dichotomized at >8
hours/day and >10 hours/day, and being sedentary during transportation, occupation and
leisure time at the 75th percentile (60 minutes/day, 275 minutes/day and 410 minutes/day,
respectively).
Results. In total, 8,471 participants (median age 55, 55% men) were included of whom 86%
met the physical activity guidelines. Median SB was 9.1 hrs/day (Q25 6.3-Q75 12.0) during
weekdays and 7.4 hrs/day (Q25 5.5-Q75 9.5) during weekend days. SB was most prevalent
during leisure time (5.3 hrs/day; Q25 3.9-Q75 6.8), followed by occupation (2 hrs/day; Q25
0.1-Q75 4.6) and transportation (0.5 hrs/day; Q25 0.2-Q75 1.0). Younger age, male sex, being
unmarried, higher education, employment and higher BMI were significantly related to
higher levels of total SB. Younger age, male sex, employment, and higher BMI increased
the odds for high SB volumes during occupation and transportation. Higher education,
being unmarried and smoking status were positively associated with high volumes of
occupational SB only, whereas older age, being unmarried, unemployment, higher BMI
and poor health were positively linked to leisure time SB.
Conclusions. SB is highly prevalent in physically active individuals, with SB during leisure
time as the most important contributor. Correlates for high volumes of SB vary substantially
across SB domains, emphasizing the difficulty to target this unhealthy lifestyle.
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Introduction
Physical inactivity importantly contributes to the development of non-communicable
diseases, such as cardiovascular diseases (CVD), type 2 diabetes, and breast and colon
cancer.1 In addition, evidence for deleterious health effects of sedentary behaviour (SB)
is rapidly accumulating. SB includes any waking behaviour characterized by an energy
expenditure ≤1.5 METs while in a sitting or reclining posture.2-4 For example, sedentariness
is associated with increased risks for all-cause mortality and the incidence of CVD,
cancer, and type 2 diabetes.5, 6 These observations emphasize the importance of SB as a
highly prevalent, independent and modifiable risk factor for all-cause mortality and noncommunicable diseases.
To enable effective reductions in SB via interventions or public health campaigns,7
identification of SB correlates is needed. A recent systemic review suggested that age,
body mass index (BMI), physical activity levels, mood and attitude were associated with
sedentariness.8 However, identification of these correlates is primarily based on the general
population, largely consisting of individuals not meeting the recommended physical
activity guidelines. Previous work found physical activity could attenuate the adverse
effects of sedentary behaviour, but this was only present in individuals performing >35.5
MET-hours/week (60–75 min of moderate intensity activity per day).9 Therefore, higher
levels of sedentary behaviour may have deleterious health effects in physically active
individuals performing <35.5 MET-hours/week. Correlates related to sedentary behaviour
may differ between physically inactive versus active individuals. Furthermore, SB correlates
may depend on settings of SB, such as occupation, transportation and leisure time sitting.8,
10

Better understanding of correlates of sedentary time, but also its dependency on the

specific domains of SB, is needed to develop and implement interventions targeting SB.
We explored correlates of sedentary time in relation to the different settings of
occupation, transportation, leisure time in a population with a wide range of physical
activity levels. We hypothesized that subject-, lifestyle- and health-related correlates, such
as identified in previous studies in the general population, also relate to SB in a physically
active population. However, we expected that the presence and magnitude of these
associations would be different across SB domains.

Methods
Study population
The Nijmegen Exercise Study is based on a cohort of individuals participating in Dutch
sport events (i.e. International Nijmegen Four Days Marches and the Seven Hills Run)
and their family and friends. The Nijmegen Exercise Study aims to investigate the impact
of physical activity on health. Online questionnaires were used to inquire participants
about demographic characteristics, anthropometric measures, lifestyle factors, and health
status. All Dutch-speaking adults were eligible for the study. Participants were recruited
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via newsletters and internet advertisements between June 1, 2015 and December 31,
2016. A total number of 8,952 participants completed the online questionnaire. After
exclusion of participants with missing data for date of birth (n=2) and sex (n=1), or women
who were pregnant (n=45), 8,904 participants remained available for inclusion. Another
433 participants were excluded for insufficient completion of the SB questionnaire,
which resulted in 8,471 participants being eligible for statistical analyses. The study
(NL36743.091.11) was approved by The Local Committee on Research Involving Human
Subjects of the region Arnhem and Nijmegen, the Netherlands. All participants provided
written informed consent.
Questionnaire
The online questionnaire asked participants about general characteristics, lifestyle factors
and their medical history. General characteristics contained age, sex, weight, height, marital
status, level of education and employment status. Lifestyle factors included sleeping
hours, smoking behaviour, alcohol consumption, and habitual physical activity. Smoking
status was categorized into individuals who never smoked, smoked in the past (former
smokers), and currently smoking. Heavy alcohol drinking was defined as >14 alcoholic
drinks per week for men, and >7 for women.11 Physical activity was measured with the
SQUASH questionnaire.12 Weekly physical activity was converted into METs and multiplied
by minutes per week. MET minutes per week were classified into four categories: inactive
(0 MET min/week), insufficient (1-499 MET min/week), medium (500-999 MET min/week),
and high (≥1000 MET min/week) based on the 2018 US Physical Activity Guidelines.13 In
addition, participants were asked to subjectively describe their health status (very good,
good, reasonable, fair, poor), and whether they had a physician confirmed diagnosis of
CVD (myocardial infarction, stroke, or heart failure), cancer, or cardiovascular risk factors
(hypertension, hypercholesterolemia, or diabetes mellitus).
Assessment of sedentary behaviour
Sedentary time was assessed using the Sedentary Behavior Questionnaire.14 Sedentary
time was estimated for nine different activities: watching television, playing computer/
video games, sitting during eating and drinking, sitting while listening to music, sitting
and talking on the phone, doing paperwork or office work, sitting and reading, sitting and
playing a musical instrument or doing arts and crafts, sitting and driving/riding in a car,
bus, or train. The nine items were completed for weekdays and weekend days separately,
and stratified into three domains (occupation, transportation and leisure time). Sitting
during occupation consisted of doing paperwork or office work; sedentary time during
transportation contained sitting and driving/riding in a car, bus, or train; and leisure time
sitting consisted of watching television, playing computer/video games and sitting during
eating and drinking, sitting while listening to music, sitting and talking on the phone,
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sitting during reading, and sitting during playing a musical instrument or doing arts and
crafts. Total sedentary behaviour was based on the sum of the nine items per weekday and
weekend day. The average amount of sedentary time per day was calculated by multiplying
weekdays estimates by 5 and weekend days estimates by 2 and dividing this by 7. Since
there are no thresholds for high engagement in sedentary time, we defined a high amount
of sedentary time as >8 hours/day and >10 hours/day based on previous literature.15-17
High amount of sedentary time during transportation, occupation and leisure time sitting
were based on the 75% percentile (i.e. 1 hour/day, 4 hours and 25 minutes/day, and 6 hours
50 minutes/day, respectively). Individuals, who were unemployed or retired, were excluded
from the analyses regarding high levels of occupational sedentary time.
Statistical analysis
Baseline characteristics were summarized as mean and SD or median and interquartile
range for continuous variables, and as number and percentage for categorical variables.
Associations with age, sex, marital status, education level, employment, BMI, smoking
status, heavy alcohol drinking, physical activity and disease history were tested separately
for total sedentary time and each setting of sedentary time using multivariable logistic
regression analysis. We performed a complete case analysis (n=7,648), and analysis using
multiple imputation (n=8,471) because 10% (n=823) of the cases had missing values for
one or more correlates. Missing data was imputed with multivariable imputation by chained
equations with predictive mean matching. We checked patterns of missing data and
followed the ‘missing at random’ assumption. All available variables were used to predict
missing values in 10 imputed datasets with 100 burn-in iterations. Healthy convergence,
imputed distribution and plausibility were verified. Furthermore, pooled estimates were
derived from the 10 imputed datasets.
In addition, we analysed the association of the previously mentioned correlates
with continuous hours of total sedentary time and domains-specific sedentary time using
multivariable linear regression analysis. Since sedentary time had a skewed distribution,
we transformed sedentary time with the natural logarithm. Furthermore, we performed
stratified analyses for active (MET min/week ≥ 500) and inactive (MET min/week < 500)
individuals. All statistical tests were 2-sided, and significance was set at P<.05. All analyses
were performed using SAS statistical software, version 9.4 (SAS Institute).
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Results
Study population
The study population had a median age of 55 years (Q25 45, Q75 64) and 55% were men

(Table 1). The majority of the participants were married (79%), received higher or academic
education (62%) and were employed (75%). Two thirds of the participants had normal weight
(66%), more than half never smoked (54%). As intended for the purpose of this research,
86% of the participants met the 2018 US Physical Activity Guidelines.13 The majority of the

study population (90%) classified their health status as good or very good. In total, 7% of
the participants had a history of CVD, 16% hypertension, 13% hypercholesterolemia, 4%
diabetes mellitus, and 8% cancer.
Prevalence of sedentary behaviour
Participants reported a median sedentary time of 9.1 hours (Q25 6.3, Q75 12.0) during
weekdays and a median of 7.4 hours (Q25 5.5, Q75 9.5) during weekend days. Sedentary
time significantly differed across settings between weekdays and weekend days (P<.05).
Median sedentary time at work was 2 hrs/day (Q25 0.1, Q75 6.0) on weekdays and 0 hrs/
day (Q25 0, Q75 0.4) on weekend days. Median sedentary time during transportation was
0.4 hrs/day (Q25 0.1, Q75 1.0) on both weekdays and weekend days. Sedentary time during
leisure time was 4.8 hrs/day (Q25 3.5, Q75 6.4) on weekdays and 6.25 hrs/day (Q25 4.6, Q75
8.1) on weekend days. The prevalence of domain specific sedentary time, physical activity
and sleeping time differed significantly between age categories (p-value Kruskal-Wallis
<0.001, Figure 1).
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Table 1 | General characteristics of the 8,471 participants.
Characteristic
Subject
Age
Sex (male)
Marital status (married or registered
partnership)
Education
Low
Intermediate
High/academic
Employment (yes)

Number of missing data
55 (45-64)
4,629 (55%)
6,652 (79%)

687 (8%)
2,526 (30%)
5,200 (62%)
6,320 (75%)

BMI (kg/m )
Normal weight (<25 kg/m2)
Overweight (25-29 kg/m2)
Obesity (≥ 30 kg/m2)
Lifestyle
Smoking status
Never smoker
Previous smoker
Current smoker
Heavy alcohol drinking (yes)

4,510 (54%)
3,436 (41%)
477 (6%)
1,544 (19%)

Sleeping hours per day

7.0 (6.5-8.0)

2

Physical activity guidelines
0 MET-min/week
1-499 MET-min/week
500-999 MET-min/week
≥1000 MET-min/week
Health status
Very good
Good
Fair
Moderate
Bad

5,594 (66%)
2,432 (29%)
400 (5%)

3 (0%)
1,162 (14%)
242 (3%)
7,064 (83%)
1,830 (22%)
5,724 (68%)
748 (9%)
94 (1%)
21 (0%)

0
0
43
58

43
45

48

154
358
0

54

Disease history
Cardiovascular diseases
Myocardial infarction
Heart failure
Stroke
Hypertension
Hypercholesterolemia
Diabetes Mellitus

512 (6%)
202 (2%)
192 (2%)
170 (2%)
1,357 (16%)
1,061 (13%)
301 (4%)

266
144
180
170
147
166
240

Cancer
Lung
Breast
Intestinal
Prostate
Other

664 (8%)
11
115
61
90
412

122

Data were presented as median (Q25-Q75) or as number (%).
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Figure 1 | Time spent on sleeping, leisure time sitting, occupational sitting, transportation time
sitting, and physical activity for different age categories (N=8,471). The median time spent on
different activities is presented by bars and interquartile ranges by lines. Sedentary time during leisure
time, occupation, and transportation, physical activity and sleeping time for were significantly different
for the age categories (P-value Kruskal-Wallis <0.001)

Correlates of sedentary behaviour
Younger age was significantly associated with higher odds of total sedentary time for
≥8 and ≥10 hours/day, sedentary time during transportation and sedentary time at work
(Figures 2 and 3, and Table 2). This association reversed for sedentary time during leisure
time, where we found that older age was associated with higher levels of sedentary time.
Male sex was positively associated for all types of sedentary time, except for sedentary
time during leisure time. Being unmarried was associated with higher levels of total
amount of sedentary time and during transportation and occupation. Higher education
was positively associated with total sedentary time and sedentary time at work, but not
during transportation and leisure time.
BMI showed a clear positive association with higher levels of sedentary time for
all domains, where the odds increased with higher BMI categories. Physical activity and
smoking status were the only lifestyle factors that were significantly associated with
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sedentary time. Higher levels of physical activity increased the odds of total sedentary time
for ≥8 hours/day; being a former smoker decreased the odds for sitting at work. CVD and
CVD risk factors were not associated with sedentary time. On the other hand, cancer was
negatively associated with higher levels of occupational sedentary time. Poor health status
was associated with higher odds of sedentary time during leisure time.
Results of the imputation analyses were almost similar compared to the complete
case analyses. Except for former smoking status and cancer, which were both associated
with higher odds of leisure time sitting (Supplemental Table 1). In addition, BMI was
borderline statistically significant with occupational sedentary time. Results of linear
regression analyses and the stratified analyses (physically active versus inactive individuals)
largely confirmed our main analyses (Supplemental Table 2 and 3).

Discussion
In our cohort we observed a number of new findings. First, a high level of SB was reported
(9.1 hours/day at weekdays; 7.4 hours/day at weekend days), despite 86% of our population
meeting the recommended physical activity dose. Second, we found that the majority of
sedentary time was spent during leisure time activities and not at work. Third, younger
age, male sex, being unmarried, higher education level, being employed, a higher BMI
and higher physical activity levels were independently associated with higher levels of total
SB, although this link was not consistently present across all SB domains. Other factors
such as smoking status, cancer and health status were associated with specific domains of
SB. Our results suggest that, SB is highly prevalent in physically active subjects and that
correlates of SB differ across the various domains. Interventions to reduce SB might benefit
from domain-specific targets, whilst the relative importance of these SB domains may differ
between groups and/or individuals.

7

Figure 2 | Correlates of sitting ≥8 or ≥10 hours per day in the multivariate logistic regression models. The black squares indicate odds ratios and the lines
95% confidence intervals. All models included correlates which were significantly associated with sitting ≥8 or ≥10 hours per day in the multivariate model.
Correlates associated the sedentary time ≥8 or ≥10 hours per day were comparable. NI = Not included in the multivariate regression model, REF = reference
category
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Figure 3 | Correlates of sitting during transportation, occupation and leisure time in the multivariate model. The black squares indicate odds ratios and the
lines 95% confidence intervals. All models included correlates which were significantly associated with sitting during transportation, occupation and leisure time
in the multivariate model. Correlates associated the domain specific sedentary time differed within domains.
NI = Not included in the multivariate regression model, REF = reference category
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Smoking status
Never smoker
Previous smoker
Current smoker

BMI
Normal weight
Overweight
Obesity
Lifestyle

Age
≤24
25-34
35-44
45-54
55-64
≥65
Sex (male)
Marital status
(unmarried)
Education
Low
Intermediate
High/academic
Employment (yes)

Subject

Characteristic

1.11
1.17

1.11
2.07
1.63

REF
1.35
2.49
1.88

REF
1.25
1.48

1.79
1.39

1.45
1.07

1.39
1.87

1.64
3.00
2.16

1.95
2.63
2.39
2.57
1.98

Upper
95%
CI

1.02
1.69
1.58
1.81
1.44

Lower
95%
CI

1.41
2.11
1.94
2.16
1.69
REF
1.61
1.22

OR

Total sedentary time
≥8 hours per day

1.12
1.46

0.98
1.61
1.59

1.12

1.28
REF
1.22
1.98
1.86

1.43

1.23
1.86
1.99
2.15
1.67

Lower
95%
CI

1.59

1.73
2.34
2.47
2.60
2.01
REF

OR

1.40
2.30

1.51
2.44
2.18

1.45

1.76

2.43
2.95
3.08
3.15
2.41

Upper
95%
CI

Total sedentary time
≥10 hours per day

REF
1.32
1.65

1.43
2.21
2.19
2.03
1.53
REF
2.04
1.38

OR

1.17
1.31

1.82
1.17

0.99
1.75
1.74
1.66
1.27

Lower
95%
CI

1.48
2.07

2.27
1.63

2.09
2.80
2.75
2.48
1.85

Upper
95% CI

Transportation sedentary time ≥60 min

REF
0.72
0.98

REF
0.94
1.35

REF
2.71
5.80

0.88
1.66
1.59
1.52
REF
0.15
1.65
1.18

OR

0.54
0.86

0.81
1.02

0.94
1.12

1.07
1.77

4.05
8.57

0.24
1.86
1.37
0.09
1.46
1.02

1.82
3.93

1.30
2.03
1.90
1.80

Upper
95%
CI

0.59
1.36
1.32
1.31

Lower
95%
CI

Occupational sedentary time ≥ 275 min*

REF
1.35
1.46

0.35
0.32
0.37
0.49
0.73
REF
1.33
0.67

OR

1.20
1.15

1.15
0.57

0.24
0.25
0.29
0.40
0.62

Lower
95%
CI

1.53
1.86

1.52
0.77

0.52
0.42
0.47
0.59
0.86

Upper
95%
CI

Leisure sedentary time
≥410 min

Table 2 | Estimates and 95% confidence intervals of the multivariable logistic regression analysis (complete case, N=7648) for the correlates of
sedentary behaviour.
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1.29

1.01

REF
1.80

1.16

1.34

2.51

1.12

1.02

Cardiovascular
diseases
Hypertension
Hypercholesterolemia
Diabetes Mellitus
Cancer
0.75
0.56
0.99
All models included correlates which were significantly associated with sedentary time or domain-specific sedentary time in the multivariable model.
*Individuals who were unemployed and retired were excluded from this analysis (N= 6320)

Physical activity
guidelines
<500 MET-min/week
500-999 MET-min/
week
≥1000 MET-min/
week
Health status
(1 = very good – 5
= poor)
Disease history

Sleeping hours per
day

Heavy alcohol
drinking (yes)

1.23
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Prevalence of sedentary behaviour
In our study, we found a median total sedentary time of 9.1 hrs/day on weekdays and 7.4
hrs/day on weekend days. These results highlight that SB is not only present in the general
population, but also highly prevalent in physically active individuals. This observation
suggests that public health interventions to reduce sedentary behaviour should be
developed on a population-wide scale. Interestingly, the amount of sedentary time in
our physically active cohort was ~1-4 hours/day higher compared to previous studies.10,
18-21

This discrepant finding may relate to the observation that Dutch individuals sit more

compared to other European countries.18
Interestingly, most sedentary time was spent during leisure time activities rather than
during work. This observation differs from previous findings.21-23 The difference might be
partially explained by the relatively high percentage of older individuals who stopped
working (25%) in our population compared to previous articles (all working adults)21-23.
Another explanation relates to differences in the physical activity levels of the profession,
but most individuals in our population were highly educated, who typically perform deskbased office work. Alternatively, occupational sitting time was derived from a single item
in the questionnaire, whereas leisure time sitting was calculated from seven items. Hence,
study participants may have been reluctant to score a high sedentary time on a single item.
Another study using the Sedentary Behavior Questionnaire also found higher levels of
leisure time sitting compared to sedentary time at work.14 Nonetheless, our observations
may have important implications for SB interventions in physically active individuals. Since
the time spent sedentary during leisure time is significantly higher compared to occupational
sitting, workplace interventions for reducing total sedentary time might have limited effects
in our population. Possibly, interventions focused on reducing SB during leisure time (e.g.
watching TV, eating and drinking, and computer use) may be more relevant, especially
since this type of SB counts for 51% of the total SB time in our population.
Correlates of total and domain-specific sedentary behaviour
Younger age, male sex, being unmarried, higher education level, being employed and
a higher BMI were independently associated with higher levels of total SB. SB correlates
identified in the present study align with previous findings,8, 21-26 but the direction of the
association is different for age, smoking status and physical activity. In our study, age was
negatively associated with high levels of sedentary time, which is in contrast to other
studies, which found a positive association.20, 27 A potential explanation for this distinction
is that adults in our study, aged 25-64, reported much higher levels of sedentary time
(median 9.3 hours/day), compared to other studies (4-8 hours/day).18, 20, 27 In contrast, our
older adult population reported relatively lower levels of sedentary time.28 A previous study
found that retired individuals had higher levels of leisure time SB and physical activity,29
which is comparable with our study results in individuals of ≥65 years old. Former smoking
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was associated with lower levels of occupational sedentary time and with higher levels of
leisure time sitting, compared to individuals who never smoked. In addition, we did not find
any association in smokers, which is surprising and may relate to the low number (n=477,
6%) of smokers in our population. Previous literature has shown that current smoking was
associated with TV viewing, but not with total sedentary time.30 Finally, physical activity
was only associated with total sedentary time and not in different domains of SB. A crosssectional study in 34,555 working adults found that physically active individuals were less
sedentary in all domains.23 The difference between our study and previous findings might
be explained by the fact that our participants are mostly active, so maybe the amount of
physical activity does not influence domains of SB in an already active population. Another
explanation for the discrepant findings of the present study may relate to differences
in cohort characteristics. Our cohort includes individuals who received mostly higher
education, reporting high levels of physical activity, a low smoking status (6%), and a high
self-reported health status (90% good to very good), which is different from most general
population cohorts.22-24, 31
Poor health status related to higher volumes of leisure time sitting, which is similar
with findings from other studies.31 However, heath-related issues such as cardiovascular
diseases, hypertension, hypercholesterolemia and diabetes mellitus were not associated
with sedentary time, which is in contrast to other studies suggesting that patients with
cardiovascular diseases and diabetes mellitus are more sedentary compared to healthy
controls.32, 33 Opposite associations were also found for the relationship between cancer
and sedentary time.34 An important difference between our study and previous work is
that the majority of the patient population in our study is physically active, might have
a healthier lifestyle (only 6% smokers) and had a good self-reported health status (90%
reported good to very good), which is not the case in most general patient populations.
This may partially explain the different findings in our population. Still, future studies
are needed to confirm our results. Especially studies in large populations investigating
combinations of different correlates using multivariable regression models are necessary,
because most current studies investigated only small groups of correlates. At least, our
results suggest that presence of disease by definition is not automatically related to larger
volumes of SB.
In this study, we hypothesized that subject-, lifestyle- and health- characteristics
relate to SB, but that the magnitude of these associations may differ across SB domains.
Indeed, education levels were associated with occupational SB but not with leisure and
transportation SB. In addition, the association with age and cancer had a different direction
for each domain. These findings indicate that some, but not all, SB correlates are domain
specific, suggesting that tailored interventions may be needed to reduce SB across different
domains and in specific target groups. Stratified analyses between active and inactive
individuals confirmed our main analyses, but some differences were found. For example,
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discrepant results were found for marital status, BMI, some factors of disease history and
lifestyle. Further, in this study we found opposite directions for association between age,
current smoking status and physical activity, and high levels of SB compared to other
previous mentioned literature. Although the directions were similar for active and inactive
individuals in this study, the magnitude was larger in the active individuals. Further studies
should determine, whether these differences in associations between active and inactive
individuals do exist or whether this due to a lower sample size of inactive individuals.
Strengths and limitations
The strengths of this study include a large cohort of mostly physically active individuals
with a broad range of potential correlates. In addition, we used an extended questionnaire
to inquire SB in three domains. We also asked the participants about their sleeping time
and their physical activities to get a 24-hour overview. However, limitations of our study
include self-reported data on SB, physical activity and disease history, which all may cause
measurement errors. In addition, occupation SB was measures with only one items, whereas
leisure time SB was measures with seven items. Self-reported SB may be underestimated35
and self-reported physical activity36 overestimated compared to objectively measured SB
and physical activity. However, due to the sample size of the study it was not feasible to
use objective measures for SB and physical activity. In addition, objective measures of
SB could not distinguish between different domains in which SB could take place. Future
studies are needed to examine correlates of objectively measured sedentary time and
patterns of SB, but in order to distinguish between domains, objective measures should be
combined with subjective measures. Finally, we performed cross-sectional analyses of the
associations between subject characteristics and sedentary time. Although the aim of the
study was not to examine causation, it could be informative to investigate which correlates
are associated with reductions in sedentary time using repeated measurements of SB. This
may further improve interventions which aim to reduce sedentary time.

Conclusions
Our results show that SB is highly prevalent in a physically active population. In addition,
younger age, male sex, being unmarried, higher education level, employment and higher
BMI are independently associated with higher levels of total SB. Moreover, these factors
appear to follow a domain-specific pattern, with most factors showing different relations
to SB between occupation- and transportation-domains versus leisure-time. Other factors
such as physical activity, smoking status, cancer and health status are associated with
specific domains of SB, or only with total sedentary time. These observations indicate that
interventions to reduce sedentary time should incorporate correlates for domain-specific
SB to enhance the effect size and specifically target the most important domains of SB.
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Supplemental Table 1 | Estimates and 95% Confidence Intervals of the Multivariable Logistic Regression Analysis (Imputation Analyses, N=8471) for
the Correlates of Sedentary Behaviour.
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Supplemental Table 2 | Estimates and 95% Confidence Intervals of the Multivariable Linear Regression Analysis (Complete Case, N=7648) for the
Correlates of Sedentary Behaviour.
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All models included correlates which were significantly associated with sedentary time or domain-specific sedentary time in the multivariable model.
* Individuals who were unemployed and retired were excluded from this analysis (N= 6320)
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Supplemental Table 3 | Odds Ratios and 95% Confidence Intervals of the Multivariable Logistic Regression Analysis (Complete Analyses, N=7648) for
the Correlates of Sedentary Behaviour Stratified for Active and Inactive Individuals.
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Inactive individuals

Characteristic

Supplemental Table 3 continued

1.82

REF
0.85
1.87

1.77

1.36
3.24
2.96
3.68
2.72
REF

OR

1.20

0.52
1.19

1.31

0.43
1.65
1.55
2.09
1.66

Lower
95%
CI

2.77

1.39
2.95

2.40

4.23
6.37
5.68
6.47
4.47

Upper
95%
CI

Total sedentary time
≥10 hours per day

2.37

2.70
3.37
2.58
2.53
1.69
REF

OR

1.73

0.97
1.89
1.49
1.64
1.14
3.24

7.55
6.03
4.46
3.89
2.50

Lower Upper
95% 95% CI
CI

Transportation
sedentary time ≥60
min

REF
4.29
14.70

OR

1.28
4.51

Lower
95%
CI

14.44
47.94

Upper
95% CI

Occupational sedentary
time ≥ 275 min*

REF
1.86
1.96

0.61
0.26
0.35
0.47
0.68
REF

OR

1.38
1.16

0.21
0.13
0.19
0.31
0.48

2.51
3.31

1.73
0.53
0.64
0.71
0.95

Lower Upper
95%
95%
CI
CI

Leisure sedentary
time ≥410 min
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REF
0.85
0.72
0.53
0.52

1.36
0.99

0.42
0.49
0.23

REF
0.79
0.73
0.38

0.65

1.48
1.10

All models included correlates which were significantly associated with sedentary time or domain-specific sedentary time in the multivariable model.
* Individuals who were unemployed and retired were excluded from this analyses (N= 6320)

Cancer

Diabetes Mellitus

Hypercholesterolemia

Hypertension

Cardiovascular diseases

Disease history

Health status
(1 = very good – 5 = poor)

Physical activity guidelines
<500 MET-min/week
500-999 MET-min/week
≥1000 MET-min/week

Sleeping hours per day

Heavy alcohol drinking (yes)

Smoking status
Never smoker
Previous smoker
Current smoker

Lifestyle

Correlates of Sedentary Behaviour
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Abstract

Background. Sedentary behaviour (SB) is potentially an important target to improve
cardiovascular health. This study 1) compared SB between cardiovascular disease (CVD)
patients and age-matched controls, 2) identified characteristics associated with high SB
levels, and 3) determined the impact of contemporary cardiac rehabilitation (CR) on SB.
Methods. For objective 1, we recruited 131 CVD patients and 117 controls. All participants
were asked about their general characteristics and medical history. SB was assessed by an
objective accelerometer (activPAL3 micro). For objective 2, 2,584 CVD patients were asked
to fill in a questionnaire about their general characteristics, lifestyle, medical history and
their SB. For objective 3, 131 CVD patients were followed over time and measured, pre-,
directly post- and 2 months post-CR.
Results. Objective 1. CVD patients spent 10.4 hrs/day (Q25 9.5; Q75 11.2) sedentary which
was higher compared to healthy controls (9.4 hrs/day [Q25 8.4; Q75 10.29]). Objective 2.
CVD patients being male, single or divorced, employed, physically inactive, reporting high
alcohol consumption, living in an urban environment, having comorbidities and cardiac
anxiety demonstrated a greater odds for large amounts of SB. Objective 3. The CR program
significantly reduced sedentary time (-0.4 hrs/day [95%CI -0.7; -0.1]), which remained lower
at 2-months post-CR (-0.3 hrs/day [95%CI -0.6; -0.03]).
Conclusions. CVD patients had greater amounts of objectively measured sedentary time
compared to healthy controls. Sedentarism was associated with personal- and lifestyle
characteristics, and comorbidities. Participation in a contemporary CR program slightly
reduced sedentary time, but tailored interventions are needed to target SB in CVD patients..
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Introduction
A physically inactive lifestyle is increasingly common in the Western world1 and is
characterized by low levels of moderate-to-vigorous intensity physical activity (MVPA) and
high levels of sedentary behaviour (SB; i.e. sitting, lying)2. Both low MVPA3, 4 and high SB5-8
have been independently associated with an increased risk for cardiovascular morbidity
and mortality. According to large meta-analyses

5-7

including >1,000,000 individuals,

the detrimental health effects of an inactive lifestyle are largest for individuals with a
combination of low MVPA and high SB.
Cardiovascular disease (CVD) patients typically report low MVPA levels9, which
increases the risk for disease progression and mortality10-12. Exercise training is the
cornerstone in cardiac rehabilitation (CR)13, 14, but CR-induced increase in MVPA is often
temporarily and most patients return to an inactive lifestyle within months15. Information
about SB in patients with CVD is scarce. A recent study found high SB levels (9.7± 2.0
hrs/day) among acute coronary syndrome patients at 28 days post-discharge16. It is
unknown how these SB characteristics differ from age-matched healthy controls, and which
patient- and disease-characteristics are associated with high SB levels. Such information is
necessary to develop and implement SB interventions for vulnerable patients with CVD.
Moreover, CR-induced SB changes should be evaluated to determine the magnitude and
sustainability of potential improvements in SB.
We aimed to 1) compare SB between patients with CVD and age-matched
controls, 2) identify patient- and disease characteristics associated with high SB levels,
and 3) determine the impact of CR on SB. We hypothesize that patients with CVD are
more sedentary compared to controls. In addition, subject-, lifestyle- and health-related
characteristics relate to high SB levels, and SB will not change after CR. Outcomes from
this study can be used to identify high-risk patients with CVD and to optimize associated
secondary prevention strategies.

Methods
Study population
To compare SB characteristics between patients with CVD and age-matched controls
(objective 1), we recruited 131 patients with CVD from two different hospitals; Radboud
University Medical Center (Nijmegen, the Netherlands) and Rijnstate Hospital (Arnhem,
the Netherlands). Age-matched controls without a history of CVD or CVD risk factors (i.e.
diabetes mellitus, hypertension and hypercholesterolemia) were recruited via social media
advertisement and via friends and family of the patients with CVD (n=117).
To identify patient- and disease characteristics associated with high levels of SB
(objective 2), patients who participated in CR in the past 3 years within four hospitals
in the Netherlands (i.e. Radboud University Medical Centre, Rijnstate Hospital, Jeroen
Bosch Hospital and Isala clinic) were invited by mail or email to complete a questionnaire
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(n=7,331). In addition, patients with CVD were also recruited via social media channels of
the Dutch Heart Foundation. Patients were included if they were diagnosed with CVD and
were eligible for CR based on the American Heart Association17 and European Society
of Cardiology18 guidelines. In total, 2,584 patients with CVD were included. The study
protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and the
medical ethical committee of the Radboud University Medical Center approved the study
(#2017-3315; objective 1 and 3, and #2018-4174; objective 2). All participants provided
written informed consent.
To determine the impact of CR on SB (objective 3), we examined all patients with CVD
from objective 1 immediately after and 2 months after CR. Patients with CVD participating
in a CR program with supervised exercise training sessions were eligible for participation.
Patients who discontinued CR after the first session of the program were excluded from
the analysis.
Objective 1: CVD patients versus healthy controls
Patients and controls were asked to fill in a questionnaire about their general characteristics
consisting of age, sex, education level, marital status and employment status. In patients
with CVD, characteristics such as weight, height, smoking status, alcohol consumption,
index diagnosis, medical treatment, comorbidities, and medication use were retrieved
from the electronic patient files. In age-matched controls, characteristics such as weight,
height, smoking status, alcohol consumption, comorbidities, and medication use were
assessed at the research facility.
SB and PA characteristics (i.e. sedentary, standing and stepping time, and Metabolic
Equivalent of Task [MET] values) were measured using the activPAL3 micro (PAL
Technologies Ltd, Glasgow, UK). The waterproofed device was attached by trained staff on
the midline, one third of the way down on the right thigh using a breathable hypoallergenic
dressing. Participants were asked to wear the monitor 24-hours/day over an 8-day period.
Participants were asked to complete a diary with wake and sleep times. The monitors
were initialized and downloaded using the activPAL software 7.2.38 (PAL Technologies Ltd,
Glasgow, UK). The raw data was analysed by a modified version of the script of Winkler
et al.19 using the sleep/wake diaries. Sedentary time was defined as any waking behaviour
characterized by an energy expenditure ≤1.5 MET20 while in a seated, reclined or lying
posture21, 22. Light intensity physical activity (LIPA) was defined as standing time combined
with stepping time with MET-values <3. Moderate-to-vigorous physical activity (MVPA)
was defined as stepping time with MET-values ≥3.23 The accumulation of sedentary time
was defined as short (<5 consecutive minutes), medium (5-29 consecutive minutes) and
prolonged (≥30 consecutive minutes) sedentary bouts.
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Objective 2: Characteristics associated with high SB levels
Patients with CVD who participated in CR in the past 3 years were invited to complete
a questionnaire. Patients who dropped out of CR were included in the analyses. The
questionnaire inquired about age, sex, weight, height, marital status, education level,
employment status, income, health, lifestyle factors, CR program characteristics, personality
and living environment. Body mass index (BMI) was calculated as weight in kilograms
divided by height in meters squared. Health-related information contained self-reported
CVD diagnosis, CVD treatment, medication use, comorbidities, pain and limitations of
physical movement in daily life circumstances, and cardiac anxiety24, 25. Cardiac anxiety
was assessed with a validated questionnaire and contained heart-focused anxiety, which
is the fear of cardiac-related stimuli and sensations because of their perceived negative
consequences.24 Lifestyle factors were the average number of sleeping hours per night,
smoking status, alcohol consumption and motives for PA (i.e. doctor’s advice, fitness,
weight reduction, habit, health, pleasure, social contact and stress reduction) using a
5-point Likert scale. Heavy alcohol drinking was defined as 14 alcoholic drinks per week for
men and >7 for women.26 Personality was determined on the big-five personality domains
(i.e. extraverted, agreeable and warm, conscientious, emotionally stable, and open to new
experiences) using the ten-item personality inventory (TIPI).27 Finally, patients were asked
about their living environment (i.e. urban, transition or rural area) and their satisfaction
about possibilities walking and cycling in the neighbourhood using a 5-point Likert scale.
Sedentary time was assessed in nine different settings using the Sedentary Behaviour
Questionnaire.28,

29

The nine items were completed for weekdays and weekend days

separately, and stratified into three domains; occupation, transportation and leisure time.
Leisure time activities included domestic activities. The average amount of sedentary
time per day was calculated by multiplying weekdays estimates by 5 and weekend days
estimates by 2 and dividing this by 7. Since there are no evidence-based cut-off values for
high levels of sedentary time, we dichotomized sedentary time based on the median value
(8 hours/day). High levels of sedentary time during transportation, occupation and leisure
time sitting were based on the 75% percentile (i.e. 1 hour/day, 3.5 hours/day, and 8 hours/
day, respectively). PA volumes were determined for different domains (i.e. occupation,
transportation, leisure and household) using the Short QUestionnaire to ASsess Health
enhancing physical activity (SQUASH) questionnaire.30 Weekly PA was converted into METs
using the Adult Compendium of Physical Activities31. For each activity, the appropriate
MET-score was selected (i.e. walking at 5.6 km/h [or 3.5 mph] = 4.3 METs or cycling at
moderate effort = 8.0 METs) and multiplied by the number of minutes per week spent on
the specific activity. The sum of all activities determined the total METs-minutes per week.
These MET-minutes per week values were classified into four quartiles.
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Objective 3: Impact of CR on SB characteristics
Patients with CVD enrolled in Objective 1 were followed over time to determine the impact
of CR on SB characteristics and to assess whether potential changes were sustainable.
The CR program contained a 6-week exercise program of two exercise sessions of 1 hour
per week optionally combined with 3 additional modules focussing on mental health and
stress relief, social health and cardiovascular risk management. All patients followed the
exercise program, but participation in the additional modules was based on individual
needs and preferences. SB and PA data were collected at baseline (objective 1), directly
after and 2 months after the CR program, resulting in a longitudinal database with 3 distinct
measurement periods; pre-CR, post-CR and 2 months post-CR.
Statistical analyses
Baseline characteristics were summarized as mean for normally distributed continuous
variables, as median (Q25 - Q75) for not normally distributed continuous variables and as
number (%) for categorical variables.
Objective 1. Differences in baseline characteristics between patients with CVD
and age-matched controls were tested using a Student’s T-test for normally distributed
continuous variables, a Mann-Whitney U test for not normally distributed continuous
variables, and a Chi-squared test for categorical variables. Differences in activity patterns
(i.e. SB characteristics, MVPA, LIPA, and sleep time) were tested using a Mann-Whitney
U test. To correct for potential confounding factors (i.e. age, sex, BMI, education level,
employment status, smoking status and season), a multivariate linear regression model
was used to examine the difference in sitting time and prolonged sitting bouts between
patients with CVD and age-matched controls.
Objective 2. Univariate associations with age, sex, weight, height, marital status,
education level, employment status, income, health, lifestyle factors, CR program
characteristics, personality and living environment were determined using logistic
regression analysis for total sedentary time and each domain of sedentary time. Variables
with a P-value < 0.10 were included in the multivariate logistic regression model. Backward
selection was used to finalize the multivariate logistic regression model.
Objective 3. Changes in activity patterns before and after CR were analysed with
mixed model analyses using random intercepts. Time was described as categorical variables
for pre-CR, post-CR and 2 months post-CR. In addition, multivariate mixed model analysis
was performed to adjust for potential confounding factors (i.e. age, sex, BMI, education
level, employment status, and disease characteristics).
All statistical tests were 2-sided, and significance was set at P<0.05. All analyses were
performed with R version 3.5.2 using packages ‘lme4’32 and ‘lmerTest’33.
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Results
CVD patients versus healthy controls
In total, 131 patients with CVD and 117 individuals without a history of CVD or CVD risk
factors were recruited (Supplemental Figure 1). Median age of the patients with CVD
was 63 years [Q25 56; Q75 69] and did not differ from controls (60 years [Q25 54; Q75 67]).
Patients were more frequently male (75% vs 62%), had overweight or were obese (71% vs
44%), had a lower education level (18% vs 6%) and were more often unemployed (71% vs
38%) compared to controls (Table 1). Patients with CVD spent 10.4 hrs/day (Q25 9.5; Q75
11.2) sedentary, performed LIPA for 3.8 hrs/day (Q25 3.0; Q75 4.7), MVPA for 0.9 hrs/day
(Q25 0.7; Q75 1.1) and slept for 8.9 hrs/day (Q25 8.2; Q75 9.6) (Figure 1 and Supplemental

Table 1). Healthy controls were less sedentary (9.4 hrs/day), more active (LIPA: 4.9 hrs/day,

MVPA: 1.3 hrs/day, and slept less (8.3 hrs/day) compared to patients with CVD (Figure 1

and Supplemental Table 1). After adjustment for potential confounders (i.e. age, sex, BMI,
education level, employment status, smoking status and season), sedentary time remained
higher in patients with CVD compared to controls (+1.1 hrs/day; 95% CI: 0.6; 1.6, P<
0.001). Interestingly, patients with CVD had fewer short sedentary bouts (-4.2 bouts/day;
95% CI: -7.8; -0.5, P=0.02), but more prolonged sedentary bouts (+1.0 bouts/day; 95% CI:
0.5; 1.61, P<0.001) compared to controls (Supplemental Figure 2). Finally, patients with
CVD were less physically active at light and at a moderate-to-vigorous intensity compared
to controls (LIPA -1.3 hrs/day [95% CI -1.8; -0.8] and MVPA -0.4 hrs/day [95% CI -0.6; -0.3]).
Table 1 | Baseline characteristics of patients (n=131) participating in cardiac rehabilitation
compared to healthy age-matched controls (n=117).
Patient characteristics
Age
Sex (female)
Body Mass Index
normal
overweight
obesity
Marital status (married)
Education level
low
middle
high
Current working status (employed)
Cardiovascular disease
Acute coronary syndrome
STEMI
NSTEMI
Angina Pectoris
Congenital heart disease
Heart failure
Heart rhythm disorder

Patients
N=131

Controls
N=117

63 [56, 69]
33 (25%)

60 [54, 67]
44 (38%)

37 (29%)
57 (45%)
33 (26%)
89 (68%)

73 (62%)
36 (31%)
8 (7%)
86 (74%)

24 (18%)
63 (48%)
44 (34%)
38 (29%)

7 (6%)
44 (38%)
66 (56%)
73 (62%)

40 (31%)
28 (22%)
27 (21%)
27 (21%)
2 (2%)
5 (4%)
6 (5%)

Na
Na
Na
Na
Na
Na
Na

P-value
0.078
0.049
<0.001

0.412
<0.001

<0.001
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Table 1 continued
Patient characteristics

Patients
N=131

Controls
N=117

14 (11%)
6 (5%)

30 (23%)
1 (1%)
17 (13%)
9 (7%)
65 (51%)
2 (2%)

Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na

6 (5%)
5 (4%)
22 (18%)
45 (38%)
59 (48%)
7 (6%)

Na
Na
Na
Na
Na
Na

9 (8%)

9 (10%)

10 (8%)
86 (66%)
35 (27%)

9 (8%)
53 (46%)
54 (47%)

P-value

Cardiovascular disease
Heart valve disease
Other cardiovascular diseases
Medication use
ACE-inhibitor / Angiotensin receptor blockers
Antiarrhythmic
Anti-coagulants
Beta-blocker
Calcium-antagonists/nitrates/dihydropyridines
Cholesterol lowering medication
Diabetes medications and insulin therapy
Diuretics
Platelet aggregation inhibitors
Treatment
CABG
Electro cardioversion / ablation / mini-maze procedure
Heart valve replacement
Pacemaker or ICD implementation
PCI
Medication only
Comorbidities
Arthrosis
COPD
Diabetes mellitus
Dyslipidemia
Hypertension
Rheumatoid arthritis

91 (70%)
14 (11%)
26 (20%)
107 (82%)
61 (47%)
101 (77%)
18 (14%)
22 (17%)
107 (82%)

Lifestyle
High alcohol consumption
Smoking status
No, never smoked
No, but in the past
Yes, I currently smoke

0.932
0.004

ACE-inhibitor, angiotensin-converting-enzyme inhibitors; CABG, coronary artery bypass grafting;
COPD, chronic obstructive pulmonary disease; ICD, implantable cardioverter-defibrillator; PCI,
percutaneous coronary intervention; NSTEMI, non-ST-elevation myocardial infarction; STEMI, STelevation myocardial infarction; Na, not applicable.

Characteristics associated with high SB levels
2,923 Patients with CVD completed our questionnaire. After exclusion for duplicates
(n=96), individuals without CVD (n=16), individuals not eligible for CR (n=67) and
invalid questionnaires (n=160), 2,584 patients with CVD were included for data analyses
(Supplemental Figure 3). Patients with CVD were 64 (SD 10) years of age and were more
frequently male (72%), overweight or obese (69%), and unemployed (60%) (Table 2).
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Sedentary time was most prevalent during leisure time activities (Supplemental Figure 4),
such as watching TV and movies, eating and drinking and using the computer. Based on the
multivariate logistic regression model, patients with CVD being male, single or divorced,
employed, physically inactive, reporting high alcohol consumption, and living in an urban
environment demonstrated a greater odds for high sedentary time (Figure 2). Weight
reduction as motive for PA was associated with lower sedentary time. Furthermore, the
presence of comorbidities such as type 2 diabetes, hypercholesterolemia and rheumatoid
arthritis and cardiac anxiety also were associated with high SB levels, but not the type of
CVD diagnosis. Correlates for high levels of domain-specific SB were roughly comparable
with total SB, but some general characteristics, comorbidities and lifestyle factors differed
in magnitude and direction (Supplemental Figure 5, 6 and 7).

8

Figure 1 | Sleep time (A), sedentary time (B), light intensity physical activity (LIPA) time (C) and
moderate-to-vigorous intensity physical activity (MVPA) time (D) in healthy controls and cardiac
patients pre-, post- and 2 months post-cardiac rehabilitation. Data is presented as box plots. Statistically significant differences between healthy controls and CVD patient are presented at the top of
each panel, whereas cardiac rehabilitation induced changes among CVD patients are located on the
bottom of each panel. CVD patients spent more time sleeping and sedentary, but less time performing light and moderate-to-vigorous intensity physical activities compared to healthy controls at all
time-points. Cardiac rehabilitation significantly reduced sitting time and increased LIPA, whereas no
changes were found for sleeping or MVPA. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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Table 2 | Characteristics of cardiovascular disease patients who completed
a questionnaire about general, lifestyle and disease-related characteristics.
Patient characteristics
Sex (female)
Age
Body Mass Index
normal
overweight
obesity
Marital status
Unmarried
Married
Widow(er)
Living together
Education level
low
middle
high
Current work status
Employed
Unemployed
health problems
retired
other
Income
≤1000 euro
1000-1500 euro
1500-2500 euro
≥2500 euro
Cardiovascular disease
Acute coronary syndrome
Angina pectoris
Congenital heart defect
Heart failure
Heart rhythm disorder
Heart valve disease
Other cardiovascular diseases
Medication use
ACE-inhibitor / Angiotensin receptor blockers
Antiarrhythmic
Anti-coagulants
Beta-blocker
Calcium-antagonists/nitrates/dihydropyridines
Cholesterol lowering medication
Antidiabetic agents and insulin therapy
Diuretics
Platelet aggregation inhibitors

N=2584
722 (28%)
64 (10)
794 (31%)
1231 (48%)
553 (22%)
345 (17%)
1958 (76%)
125 (5%)
145 (6%)
435 (17%)
1206 (47%)
934 (36%)
1025 (40%)
(60%)
197 (8%)
1143 (45%)
1535 (8%)
78 (3%)
252 (10%)
872 (35%)
1265 (51%)
1380 (53%)
707 (27%)
25 (1%)
343 (13%)
537 (21%)
332 (13%)
151 (6%)
1617 (59%)
201 (7%)
561 (20 %)
1670 (61%)
710 (26%)
2013 (73%)
300 (11%)
618 (23%)
1952 (71%)
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Table 2 continued
Patient characteristics
Treatment
CABG
Electrical cardioversion / ablation / mini-maze procedure
Heart valve replacement
Medication only
Pacemaker or ICD implantation
PCI
Other cardiothoracic surgery
Comorbidities
Asthma / bronchitis / COPD
Arthrosis
Cancer
Depression
Diabetes mellitus
Type 1
Type 2
Hypercholesterolemia
Hypertension
Osteoporosis
Rheumatoid arthritis
Thyroid disorder
Transient ischemic attack or stroke
Lifestyle
Sleeping (hrs/day)
Smoking status
no, never smoked
no, but in the past
yes, I currently smoke
Packyears
High alcohol consumption
Physical activity
Days/week 30 minutes physically active
MET-minutes per week
MET-minutes per week, leisure
MET-minutes per week, non-leisure
Cardiac rehabilitation
Participation CR
currently following CR
followed CR less than 6 months ago
followed CR more than 6 months ago
never followed CR
Completed CR (no)

N=2584
673 (26%)
209 (8%)
331 (13%)
312 (12%)
255 (10%)
1499 (58%)
14 (1%)
304 (12%)
315 (12%)
239 (9%)
189 (7%)
28 (1%)
326 (13%)
896 (35%)
1043 (40%)
86 (3%)
99 (4%)
128 (5%)
143 (6%)
7.4 (1.2)
784 (30%)
1617 (63%)
173 (7%)
21.43 [0.00, 64.29]
253 (10%)
5.00 [4.00, 7.00]
3447 [1608, 6165]
2591 [1200, 4854]
0 [0, 800]

84 (3%)
398 (15%)
1784 (70%)
302 (12%)
113 (5%)
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Table 2 continued
Patient characteristics

N=2584

Contribution of CR to recovery

113 (5%)

none
109 (5%)
little
232 (10%)
moderate
775 (34%)
high
1142 (51%)
Cardiac Anxiety Score
18 [12, 25]
ACE-inhibitor, angiotensin-converting-enzyme inhibitors; CABG, coronary artery
bypass grafting; COPD, chronic obstructive pulmonary disease; CR, cardiac
rehabilitation; ICD, implantable cardioverter-defibrillator; PCI, percutaneous
coronary intervention.

Figure 2 | Characteristics associated with high levels of sedentary time (≥8 hrs/day) in 2,584
patients with cardiovascular disease. Data are presented as odds ratios with 95% confidence
intervals. Sex, marital status, employment status, comorbidities, physical activity, alcohol consumption,
cardiac anxiety, motives for physical activity and living environment were significantly associated with
high levels of sedentary time.
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Impact of CR on SB characteristics
Among the 131 patients measured at pre-CR, a total of 17 patients were lost to followup and 8 patients had a measurement failure (i.e. technical problems with device, early
detachment, device lost in mail) during the post-CR measurements (Supplemental Figure
1). Patients with CVD spend significantly less time sedentary following CR (-0.4 hrs/day

[95% CI -0.7; -0.1], P = 0.005), which remained lower at 2-months post-CR (-0.3 hrs/day
[95% CI -0.6; -0.03], P = 0.03) (Figure 1B). Changes in sedentary time were independent
of potential confounders at baseline. No changes in short sedentary bouts were observed
following CR. Although prolonged sedentary bouts decreased significantly post-CR (-0.4
bouts/day [95% CI -0.7; -0.1]), values normalized to baseline values within 2-months postCR (-0.2 bouts/day [95% CI -0.5; 0.1], P = 0.2) (Supplemental Figure 2C). LIPA increased
significantly following CR (0.3 hrs/day [95% CI 0.1; 0.6], P = 0.005) and remained higher
2-months post-CR (0.4 hrs/day [95% CI 0.1; 0.6], P = 0.002). Finally, MVPA and sleep
time did not change following CR or 2-months post-CR. Stratified analyses for weekdays
and weekend days revealed similar outcomes of changes in sedentary time, prolonged
sedentary bouts, LIPA and MVPA (Supplemental Figure 8 and 9).

Discussion
This study presents novel findings related to the prevalence, correlates and CR-induced
changes of sedentary behaviour of patients with CVD. First, patients with CVD show
significantly higher sedentary time and lower levels of PA compared to healthy, age-matched
controls. Especially the greater accumulation of prolonged, uninterrupted sedentary bouts
contributed to higher SB time spent by patients with CVD. Second, general characteristics
(i.e. sex, marital status, employment status), lifestyle characteristics (i.e. physical inactivity,
alcohol consumption, living environment, motives for PA) and presence of comorbidities
(i.e. type 2 diabetes, hypercholesterolemia, rheumatoid arthritis, and cardiac anxiety),
but not the type of CVD diagnosis, were associated with higher levels of sedentary time
among patients with CVD. Third, patients with CVD demonstrated a small, but significant
reduction in sedentary time following a 6-weeks CR program with supervised exercise
training sessions. Sedentary time was mostly replaced by LIPA, whereas no changes in
MVPA were observed. Taken together, these results highlight the high prevalence of SB
in patients with CVD, and provide novel and important information on factors that are
related to SB. These insights are relevant in the development of new strategies to stimulate
patients with CVD to move more and sit less as CR programs only have small-to-modest
effects on SB.
Patients with CVD versus controls
In line with our hypothesis, patients with CVD demonstrated a significantly higher SB
and lower PA compared to age-matched controls, making them vulnerable to adverse
outcomes5. In addition to total sedentary time, previous work reported that the pattern
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of accumulation of sedentary time importantly contributes to the risk for cardiovascular
events and mortality13, 34. We found that patients with CVD demonstrated significantly
more prolonged uninterrupted sedentary bouts compared to controls. These prolonged
bouts have previously been linked to acute detrimental effects on vascular function,
blood pressure and lipids35, which may contribute to disease progression and long-term
outcomes. Given the high prevalence of SB and prolonged uninterrupted sedentary bouts
among patients with CVD, identification of factors associated with this unhealthy behaviour
facilitates early recognition of individuals at risk.
Characteristics associated with high SB levels
We found that general characteristics (i.e. sex, marital status, employment status,
living environment) and lifestyle-related characteristics (i.e. physical inactivity, alcohol
consumption, motives for physical activity) were associated with total sedentary time of
patients with CVD. It is interesting to note that these factors largely align with predictors
of high SB levels in the general population36, 37, suggesting that SB may be independent
of underlying disease. To support this hypothesis, the type of CVD diagnosis was not
related to total sedentary time. On the other hand, patients with CVD with type 2 diabetes,
hypercholesterolemia, and/or rheumatoid arthritis had higher odds of high SB levels. These
findings suggest that existing comorbidities and cardiac anxiety, but not type of CVD
diagnosis, impact SB levels of patients with CVD.
Insight into correlates of SB is important to identify patients with CVD with the highest
SB levels, whereas it also facilitates development of interventions specifically targeting SB
in patients with CVD. For example, modifiable factors as habitual physical activity levels,
alcohol consumption, motives for physical activity, cardiac anxiety and optimal therapy
for comorbidities should be considered when developing SB interventions. Furthermore,
sedentary time was primarily spent during leisure time (Supplemental Figure 4), suggesting
that leisure time sedentary activities should be specifically targeted to achieve the largest
reductions in total sedentary time.
Impact of CR on SB characteristics
CR programs are multidisciplinary, including both supervised exercise training and lifestyle
modification, but SB is hardly addressed. Hence, it was no surprise that sedentary time
was high and reduced only with 0.4 hrs/day following CR. A recent meta-analysis of
observational studies showed that an objectively measured sedentary time ≥9.5 hours/day
was associated with an increased risk of all-cause mortality6. These findings suggest that
±75% of our patients with CVD (pre-CR sedentary time: 10.4 hrs/day [Q25 9.5; Q75 11.2]) are
at risk for the detrimental health effects of SB, making these individuals highly vulnerable
for recurrent cardiovascular events and premature death. We also found that the reduction
in sedentary time was mainly replaced by LIPA, whereas no changes in MVPA were found
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post-CR. These results are in line with a recent meta-analysis38 of randomized clinical trials
suggesting no change in both LIPA and MVPA after CR. Although the changes in LIPA and
sedentary time were small in our study, replacing sedentary time by LIPA aligns with the
contemporary recommendation to ‘move more and sit less’39. It is important to emphasise
that these behavioural changes occurred in a CR program focusing on increasing PA levels,
rather than reducing SB. This highlights the potency for interventions specifically targeting
SB in CR programs, as replacement of 30 minutes sedentary time by 30 minutes of LIPA is
associated with a 17% risk reduction of all-cause mortality40. Moreover, it is recommended
to frequently break-up prolonged sedentary bouts13, 34, 41, but currently no changes in this
SB characteristic were observed following CR. In further understanding the role of SR,
future should evaluate whether CR-induced changes in other cardiovascular risk factors
(e.g. weight, fitness levels, cholesterol levels, blood pressure, medication use) are related
to changes in SB. In addition, it would be interesting to explore whether tailoring CR to
maximize changes in (long-term) SB could improve CR efficacy to reduce CVD morbidity
and mortality.
Taken together, more attention in CR programs is needed to target high SB levels
and prolonged uninterrupted sedentary bouts of patients with CVD. In this non-exercising
population of patients with CVD, such lifestyle improvements may be more feasible and
sustainable compared to MVPA interventions.
Strengths and limitations
The strengths of this study include the assessment of both objective and subjectively
measured SB among two relatively large and independent cohorts of patients with CVD.
Furthermore, longitudinal measurements were performed to assess the impact of CR on SB,
LIPA and MVPA. Limitations of our study include the lack of a control group of patients with
CVD not participating in CR and the limited follow-up time post-CR. Normalization of SB
and LIPA may occur across longer time periods, limiting the generalizability of our findings
to patients with chronic CVD. In addition, assessment of SB for objective 2 was based on
self-reported data, which may result in an underestimation of SB. However, questionnaires
provide domain-specific SB which is not available using objectively measured SB.

Conclusions
Patients with CVD demonstrate significantly higher amounts of SB compared to healthy
controls, which may largely be explained through a more frequent engagement in
prolonged, uninterrupted sedentary bouts. SB was most prevalent during leisure time and
characteristics associated with high levels of SB in patients with CVD largely overlapped
with the general population, except for comorbidities and cardiac anxiety. Furthermore,
we found low engagement in MVPA in patients with CVD, which did not change following
a CR program with supervised exercise training sessions. Therefore, adding interventions
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specifically aimed at reducing SB seems an important and feasible target to improve health
in patients with CVD. Since reductions of SB will be replaced by LIPA and MVPA, our work
enforces the health message to ‘sit less and move more’ in patients with CVD.
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Supplemental Figures

Supplemental Figure 1 | Flow chart of the inclusion of patients participating in cardiac rehabilitation
and healthy controls.

Supplemental Figure 2 | Number of short (A), medium (B) and prolonged sedentary bouts (C)
in healthy controls and cardiac patients at pre-, post- and 2 months post-cardiac rehabilitation.
Data is presented as box plots. Statistically significant differences between healthy controls and CVD
patient are presented at the top of each panel, whereas cardiac rehabilitation induced changes among
CVD patients are located on the bottom of each panel. CVD patients had less short sedentary bouts
and more prolonged sedentary bouts compared to healthy controls, whereas cardiac rehabilitation
only induced a temporarily reduction of prolonged sedentary bouts among CVD patients.
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Supplemental Figure 3 | Flow chart of the inclusion of cardiovascular disease patients who filled
in the questionnaire.

Supplemental Figure 4 | Self-reported time spent on sleeping, leisure time sitting, transportation
time sitting, occupational sitting, and physical activity. The median time spent on different activities
is presented by bars and interquartile ranges by lines. Most sedentary time was spent during leisure
time activities
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Supplemental Figure 5 | Characteristics associated with of high levels of leisure time sedentary
behaviour (≥8 hrs/day). The black squares indicate odds ratios and the lines 95% confidence intervals.
The model included characteristics which were significantly associated with leisure time sedentary
behaviour in the multivariate model.
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Supplemental Figure 6 | Characteristics associated with high levels of sedentary behaviour during
transportation (≥1 hrs/day). The black squares indicate odds ratios and the lines 95% conﬁdence
intervals. The model included characteristics which were signiﬁcantly associated with sedentary
behaviour during transportation in the multivariate model.
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Supplemental Figure 7 | Characteristics associated with high levels of sedentary behaviour during
occupation (≥3.5 hrs/day). The black squares indicate odds ratios and the lines 95% confidence
intervals. The model included characteristics which were significantly associated with sedentary
behaviour during occupation in the multivariate model.
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Supplemental Figure 8 | Sleep time, sedentary time, and light and moderate-to-vigorous physical
activity time in healthy controls and cardiac patients pre-, post- and 2 months post-cardiac
rehabilitation during weekdays and weekend days. Data is presented as box plots. Statistically
significant differences between healthy controls and CVD patient are presented at the top of each
panel, whereas cardiac rehabilitation induced changes among CVD patients are located on the bottom
of each panel. LIPA: light intensity physical activity, MVPA: moderate-to-vigorous intensity physical
activity. * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001

Supplemental Figure 9 | Changes in activity patterns in cardiac patients pre-, post- and 2 months post-cardiac rehabilitation. The black squares indicate the
mean difference and the lines 95% confidence intervals.
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24.77 [18.00, 31.76]
21.75 [15.88, 29.62]
17.00 [14.13, 20.89]

22.60 [17.55, 29.25]
20.50 [14.62, 27.38]
18.00 [14.42, 20.92]

5.40 [4.50, 6.50]
5.50 [4.50, 7.00]

5.67 [4.75, 6.55]
6.25 [5.00, 7.50]

6955 [5330, 8742]

7307 [5632, 8474]

6209 [4458, 8047]

Step count

weekdays

weekend days

6633 [4200, 9029]

7449 [5340, 9418]

7109 [5246, 9188]

15.00 [11.88, 19.62]
5.67 [4.40, 6.50]

15.50 [12.00, 20.00]
5.86 [5.00, 6.77]

18.23 [14.75, 21.21]

65.57 [58.70, 71.67]
67.22 [59.41, 73.85]
24.33 [17.77, 31.36]

67.59 [61.49, 73.74]
71.31 [64.34, 76.28]
21.86 [16.55, 28.83]

18.50 [15.00, 21.71]

8.69 [8.16, 9.45]
8.73 [8.05, 9.36]
8.82 [8.29, 9.85]
9.96 [8.99, 10.92]
10.00 [8.84, 11.18]
9.85 [8.78, 10.91]
65.18 [60.17, 72.34]

Post-CR
N = 112

8.91 [8.18, 9.60]
8.73 [8.02, 9.58]
8.89 [8.14, 9.84]
10.41 [9.45, 11.20]
10.30 [9.34, 11.22]
10.47 [9.47, 11.52]
68.98 [62.88, 73.76]

Pre-CR
N = 131

weekend days
Prolonged sedentary
bouts (≥30 min)
weekdays
weekend days

weekdays

Sleep time
weekdays
weekend days
Sedentary time
weekdays
weekend days
Sedentary time in %
of awake time
weekdays
weekend days
Short sedentary bouts
(<5 minutes)
weekdays
weekend days
Medium sedentary
bouts (5 -29 min)

Behavior
characteristics

6627 [4394, 9237]

7380 [5233, 9542]

7368 [5120, 9204]

5.67 [4.40, 6.79]
5.50 [4.50, 6.62]

15.00 [12.50, 18.12]
5.71 [4.50, 6.71]

17.80 [14.76, 20.75]

25.37 [20.05, 29.71]
23.25 [16.50, 28.62]
17.23 [14.52, 19.96]

65.11 [58.52, 73.55]
67.15 [58.73, 75.24]
24.24 [19.79, 30.09]

8.92 [8.19, 9.79]
8.76 [7.89, 9.50]
9.01 [7.92, 9.92]
10.01 [8.82, 11.20]
10.14 [8.98, 11.35]
9.90 [9.00, 10.99]
65.87 [58.32, 73.78]

2 months post-CR
N = 117

p-value
Pre-CR
and
controls
<0.001
<0.001
0.08
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.02
0.82
0.95
0.15
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Controls
N = 117
8.32 [7.84, 8.81]
8.15 [7.65, 8.63]
8.83 [7.89, 9.45]
9.38 [8.42, 10.29]
9.50 [8.46, 10.56]
8.96 [7.61, 10.11]
59.50 [54.46, 64.75]
59.17 [52.95, 65.84]
60.33 [51.13, 67.93]
28.00 [21.33, 33.83]
27.60 [22.00, 35.20]
24.00 [18.00, 32.00]
17.14 [14.86, 20.29]
18.00 [15.00, 20.80]
15.00 [11.50, 18.00]
4.83 [4.00, 6.00]
5.00 [3.60, 6.00]
5.00 [4.00, 6.50]
10076 [8118, 12912]
10027 [7991, 13272]
9486 [6946, 12522]

<0.001

<0.001

<0.001

0.011
0.044

0.19
0.006

0.51

0.008
0.19
0.75

<0.001
<0.001
0.006

<0.001
<0.001
0.11
0.002
0.03
<0.001
<0.001

p-value
PostCR and
controls

<0.001

<0.001

<0.001

0.002
0.02

0.29
<0.001

0.45

0.03
0.24
0.74

<0.001
<0.001
0.02

<0.001
<0.001
0.22
0.001
0.01
<0.001
<0.001

p-value
2 months
post-CR controls

Supplemental Table 1 | Sleep time, sedentary time, number of sedentary bouts, and physical activity time in healthy controls and cardiac patients pre-,
post- and 2 months post-cardiac rehabilitation.
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4.26 [3.36, 5.30]
0.91 [0.70, 1.20]
0.94 [0.73, 1.25]

3.97 [2.97, 4.87]

3.36 [2.63, 4.42]

0.87 [0.71, 1.14]

0.94 [0.72, 1.15]

0.80 [0.56, 1.06]

weekend days

Moderate-vigorous
physical activity
weekdays

weekend days

0.83 [0.54, 1.16]

3.93 [3.11, 4.82]

4.14 [3.28, 5.06]

Post-CR
N = 112

3.83 [2.99, 4.71]

Pre-CR
N = 131

Light intensity
physical activity
weekdays

Behavior
characteristics

Supplemental table 1 continued

0.87 [0.57, 1.22]

0.98 [0.67, 1.23]

0.94 [0.67, 1.20]

3.77 [2.87, 5.25]

4.11 [3.31, 5.31]

4.17 [3.35, 5.30]

2 months post-CR
N = 117

1.22 [0.85, 1.67]

1.21 [0.98, 1.68]

1.26 [1.01, 1.60]

4.54 [3.69, 6.11]

5.04 [4.07, 6.22]

4.91 [4.21, 5.92]

Controls
N = 117

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

p-value
Pre-CR
and
controls

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

p-value
PostCR and
controls

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

p-value
2 months
post-CR controls
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The most important thing is to never stop questioning.
- Albert Einstein

General discussion
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The beneficial effects of regular physical activity are well known, as small increases
in physical activity yield large health benefits and larger increases in physical activity
provide additional benefits. Nevertheless, the dose-response association needs further
investigation, especially related to the mode (aerobic versus resistance), domain (leisure
versus occupation) and the impact of health status. In addition, literature showed the
potential detrimental effect of sedentary behaviour. To target and reduce sedentary
behaviour in the general population, it is important to examine characteristics associated
with high amounts of sedentary time and to identify populations at risk. Therefore, the aims
of this thesis were to 1) investigate the dose-response relationship between physical activity
and health for both primary and secondary prevention; and 2) explore the prevalence of
sedentary behaviour and characteristics associated with sedentary behaviour in healthy
individuals and those with cardiovascular disease (CVD). In this final chapter, we will discuss
and integrate results of this thesis with current literature. In addition, we will touch upon
new insights, future research and the public health question; “Should I sit less or move
more?”.

Assessment of physical activity and sedentary behaviour
Pearls and pitfalls of subjective versus objective measurements
In Chapter 2 and 6, we discussed measurement tools to assess physical activity and
sedentary behaviour, respectively. Subjective measures consist of logs, diaries and
questionnaires (Chapter 2, 6), whereas objective measures include measures of energy
expenditure (e.g. doubly labelled water), physiological measures (e.g. heart rate monitoring),
and motion sensors (e.g. accelerometers) (Chapter 2). Most large scale population
studies use questionnaires to assess physical activity and sedentary behaviour, since it is
easy and cheap. Data retrieved from questionnaires are easy to understand and provide
information about the type (e.g. walking, cycling, etc.), mode (e.g. aerobic, resistance,
balance and stability, etc.) and domain (e.g. leisure, non-leisure and occupation) of the
activities. However, the validity of self-reported physical activity or sedentary behaviour
is generally much lower compared to objective measurement tools. The use of many
different questionnaires, logs and diaries between studies, results in large variability in the
validity and reliability of measured physical activity and sedentary behaviour (Chapter 6).
Heterogeneity also exists in the settings or domains of physical activity (i.e. leisure only,
occupational, cycling, walking or combination of leisure and non-leisure)1 and sedentary
behaviour (i.e. total sitting time, or only TV watching)2. Finally, subjective tools are prone
to recall and social desirability bias resulting in an over-estimation of physical activity3,
4

and an under-estimation of sedentary time5. These important limitations result in large

heterogeneity between findings of different studies, which hampers the development of
physical activity and sedentary behaviour recommendations including clear thresholds for
lower, optimal and upper limits of physical activity and sedentary behaviour.
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To overcome these important limitations of subjective questionnaires, new studies include
objective measurements to assess habitual physical activity behaviour. In the past decades,
technological advances allowed the use of motion sensors such as accelerometers, which
made physical activity research more feasible for researchers (i.e. reasonable costs) and
participants (i.e. minimal inconvenience/obtrusiveness).6 Dependent on the type, wear
area and number of axes (i.e. 1, 2 or 3), the use of accelerometers provides accurate
assessment of 24-hour activity behaviour (i.e. physical activity, sedentary time and sleep).
Some of these more recent objective measurement devices also open up the possibility to
examine the effects of light intensity physical activity and sporadic behaviour, such as short
bouts of physical activity and breaks of sitting time. These developments are relevant since
especially light intensity physical activity and sporadic behaviour are difficult to measure
with subjective tools, because it is difficult to remember (i.e. recall bias). In addition,
evidence for the benefits of light intensity physical activity is positive and upcoming7, and
needs further investigation. Still, there are several limitations to current objective tools,
such as motion sensors, to measure physical activity and sedentary behaviour. Motion
sensors are primarily worn on one side of the body (i.e. hip, wrist, back, thigh or ankle)
and therefore miss upper or lower body movements. They cannot distinguish if the person
is carrying weights, and the type, mode, setting or domain of the activities. Hence, it is
currently impossible to measure resistance exercise with motion sensors, and acceleration
is not equal to behaviour since you lose the translation of movements. For example, an
individual experiences one-hour of tennis as one hour of exercise. However, accelerometer
data show a combination of short high-intensity movements into different directions (i.e.
running to hit the ball) and very short bouts of no movement (i.e. waiting for the other to
hit the ball), which may be interpreted differently than 1 hour of tennis playing. Examples
of raw accelerometer data in different directions (x-, y-, z-axis) are shown in Figure 1. Most
motion sensors cannot measure the posture of the body (e.g. lying, sitting or standing),
except for thigh-worn accelerometers (Chapter 2). Therefore, motion sensors measure
acceleration which does not fully reflect an individual’s activity behaviour.
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Figure 1 | Example of accelerations during different activities within three dimensions measured
with a wrist-worn accelerometer. Reprinted with permission from Ortega-Anderez et al.8

Finally, there are logistical challenges such as the distribution and loss of devices, and
challenges regarding data analysis and interpretation.6 Algorithms or diaries are necessary
to accurately mark and exclude non-wear time and sleep time. It is also important to
9

emphasize that different algorithms are used by commercial companies to convert raw
acceleration to count per user-specified time period (e.g. counts per minute), and utilize
cut-off points for classifying time spent in sedentary behaviour or physical activity (where
higher counts reflect higher intensities). Unfortunately, there is no consensus on the cut-off
points for count per minutes of sedentary behaviour and different intensities of physical
activity9, hampering the harmonization of datasets.
In conclusion, objective measures are important to assess physical activity, but researchers
or clinicians need to be aware of the potential strengths and weaknesses (Table 1).
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Table 1 | Summary of the advantages and disadvantages of questionnaires and accelerometers
to measure physical activity and sedentary behaviour.
Helpful

Objective accelerometers

Subjective questionnaires

Internal

Harmful

Strengths
• Low cost & burden
• Convenient & easy
• Applicable for large populations
• Valid to assess structured (physical)
activity
• Assessment of different types,
modes and domains
External Opportunities
• Combination with objective methods
to improve validity

Weaknesses
• Recall and social desirability bias
• Should be population and culture
specific
• Validity is lower compared to
objective measures

Internal

Strengths
• Low burden
• Relatively inexpensive
• Provide detailed information about
intensity, frequency and duration
based on acceleration
• Valid to asses (un)structured physical
(in)activity
• Can assess and store long-term (i.e.
weeks) 24-hour activity patterns

Weaknesses
• Cannot measure type, mode, setting
and domain of the activities
• Depending on the attachment,
it neglects upper- or lower-body
movements
• Difficulties with assessment of
posture (except thigh-worn)
• Data needs to be processed before
use
• Logistical challenges (i.e. device
distribution and loss)

External Opportunities
• Combination with subjective
methods or other devices such as
GPS to add context to activities
• Machine learning algorithms to
predict the type/context of activities
• Use of raw acceleration for data
harmonization

Threats
• Different algorithms are used by
commercial companies to convert
raw acceleration to count per time
period
• Different location of attachment
between studies (i.e. hip, wrist, back,
thigh or ankle)

Threats
• Heterogeneity in validity and
reliability between questionnaires
• Heterogeneity in settings or domains
measured between studies

Suggestions for population research
Although both subjective and objective assessment techniques show limitations,
future research and guideline recommendations are expected to be based primarily on
studies using objective assessment of activity behaviour. To overcome some important
limitations of motion sensors, future research should try to capture the context/setting
of the activities together with acceleration. The most simple approach is to combine
subjective and objective measurement tools. Participants could be asked to fill in logs,
diaries or questionnaires whilst wearing a motion sensor. However, using this approach
the quantification of subjectively and objectively measured activities might be different
when data of the questionnaires do not overlap with objective data. Diaries and logs are
more accurate compared to questionnaires (Chapter 6), but take more time and effort to
be filled in. Therefore, researchers should balance the amount of the required information,
accuracy and the time available for the assessment.
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In line with the above suggestions, researchers of the Fenland study10 combined a heart
rate monitor, a movement sensor, and Global Positioning System Receiver (GPS) worn on
the upper body. The combination of acceleration and heart rate improves the accuracy
of the classification and intensity of activities performed, especially for activities such as
cycling where the upper body does not move and the activity monitor would have normally
identified this type of activity as ‘sitting’ or ‘sedentary’. Combining GPS with movement
sensors provides the location of the activities performed. After the data collection period,
participants use the GPS data to annotate information about the context of their own
data. This provides a very accurate estimation of physical activities and its context, but
differentiation between standing and sitting remains difficult, since no acceleration or
increase in heart rate is present during both activities.
Other studies adopted a different approach and used raw acceleration signals instead
of activity counts.11, 12 Based on raw acceleration signals, machine learning algorithms can
be used to train computers to predict the type and context of activities. For example,
Willets and colleagues13 developed a machine learning method to objectively measure
lifestyle behaviour from wrist-worn accelerometers. They identified six pre-defined
classes of behaviour (i.e. bicycling, sit/stand, walking, vehicle, mixed activity, sleep) from
accelerometer data (Figure 2). The mean accuracy for this machine learning-based method
to correctly link activity into pre-defined classes was 87%, with the highest accuracy for
sleep (97% accurately classified) and the lowest accuracy for mixed activities (i.e. other
activities, 57%). In addition, they were also able to discriminate between activity patterns
within subgroups, such as individuals who are early birds or night owls, individuals cycling
(Figure 3) or driving to work, or individuals who are involved in physical work. This study
shows the potential of machine learning algorithms to study consequences of variations in
activity behaviour on sociological and health outcomes.
In line with previous studies, the distinction between sitting and standing remains
difficult using a wrist-worn accelerometers. This problem could be easily solved by the
use of thigh-worn accelerometers (posture of the thigh indicates standing or sitting/lying)
or combining accelerometers on the upper and lower body. Apart from novel machine
learning techniques, future studies might be able to use data from everyday objects, such
as smartphone or smartwatches, to measure activity behaviour with context using the
location of the individual. Smartphones contain a GPS and an accelerometer, and have
the ability to measure step count relatively accurate.14 However, before we could use these
everyday objects, there are several methodological and practical challenges such as how
and when a smartphone is carried, data ownership and privacy, ethical and legal issues.15
Taken together, future studies would benefit from combining objectively measured
activity behavior with the context or setting of the activity behavior. New technologies,
such as machine learning and artificial intelligence, incorporating GPS and smartphone
data might assist in this development. Still, researchers should be aware of what can and
cannot be measured, and the potential opportunities and threats (Table 1).
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Figure 2 | Prediction of six activities using machine learning algorithms and wrist-worn
accelerometer data during 24 hours. Reprinted with permission from Willets et al.13

Figure 3 | Example of variation in activity patterns between individuals who do and don’t cycle
to work using wrist-worn accelerometer data of 96,220 adults. Cyclists are depicted by a solid
line and non-cyclist by a dashed line. Reprinted with permission from Willets et al.13

Should we start with a clean sheet?
Over the last decades, nearly all activity studies used self-reported data of physical activity
and sedentary behaviour. Future research should move to objectively measured activity
behaviour, which is needed to confirm or reject previously found associations between
activity behaviour and health. In general, researchers argue that the magnitude of the
association between self-reported physical activity and mortality is likely underestimated
compared to the true association. They argue that the measurement error of self-reported
physical activity is non-differential (i.e. the proportion of misclassification is equal across
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Figure 4 | The association between subjectively (blue) and objectively (green) measured physical
activity and adverse health outcomes.

groups), and is likely to result in bias towards the null. This suggests that the previously
found associations still exist when measured objectively, in fact, the effect estimates for
risk reduction are potentially larger and the threshold of the minimal volume of physical
activity is potentially lower. Studies comparing the association between subjectively and
objectively measured physical activity and cardiovascular risk factors revealed that the
magnitude of the association between physical activity and cardiovascular risk factors
is indeed underestimated when measured subjectively16,

17

, but the dose-response

relationship has a similar shape (Figure 4).
Most accelerometer studies are performed in one specific population or setting, and most
frequently in high income countries, which limits the generalizability of the findings. In
addition, compared with studies using questionnaires, due to the higher costs and time
component, population studies adopting accelerometers are relatively small (N ~ 3000).
This reduces the statistical power to examine detailed research questions. To overcome this
problem and increase the sample size, accelerometer data of different studies should be
combined in pooled analyses using individual-level data. Since studies use different type
of accelerometers, it is important to use raw acceleration signals for data harmonization.18
As stated by Ioannidis19, ‘next-generation’ systematic reviews (e.g. prospective metaanalyses, individual-level data, network meta-analyses and umbrella reviews) might help
to improve the evidence in exercise medicine. A new collaborative research platform,
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the Prospective Physical Activity, Sitting, and Sleep consortium (ProPASS)20, corresponds
nicely with the ‘next-generation’ systematic reviews. The objective of the consortium is to
produce evidence on the associations of physical activity, sitting, and sleep and long-term
health outcomes and longevity. ProPASS aims to incorporate two of the ‘next generation’
methods; prospective meta-analysis and individual-level data by harmonizing individual
participant data retrospectively and prospectively. This is a very important next step in
physical activity and sedentary behaviour research to improve the quality of the evidence.
However, both methods, and especially prospective meta-analysis, require extensive
coordination.19 For prospective meta-analysis, it is important to collect data in a similar
fashion and as such protocols for accelerometer measurements and for all other covariates
and outcomes are necessary. In addition, accelerometer data should be analysed using the
same algorithm or program. For the retrospective data harmonization, both accelerometer
data and information about covariates should be pre-processed into variables which can be
used in the main data analyses. Other issues and challenges of importance are the privacy
of participants and the ‘safe’ ways to share and transfer data. Moreover, consortia such as
ProPASS do not only improve the current evidence, they also nicely overlap with the FAIR
principles21 (i.e. findability, accessibility, interoperability, and reuse of digital assets) which
are becoming increasingly important in future research.
Altogether, the use of objective tools to assess physical activity and sedentary
behaviour will potentially change the landscape of physical activity epidemiology. Objective
measures provide a 24-hour cycle of behaviour and improve the precision. Not only total
volume of physical activity and sedentary behaviour, but also intensity, bouts or breaks, and
postures could be assessed and explored in its association with health. New technologies,
such as machine learning algorithms, and large amounts of data will help to answer
detailed questions about the association between physical activity, sedentary behaviour
and health outcomes. These outcomes could improve physical activity guidelines and
exercise prescription for primary and secondary prevention in the (near) future.

Physical activity to improve health
A large body of evidence indicates that physical activity improves cardiovascular risk
factors including blood pressure, blood lipids, cardiovascular function and glucose
control22, 23, reduces cardiovascular events and increases longevity.22-25 In Chapter 3 and

5, we explored if different modes (aerobic versus resistance) and domains (leisure versus
non-leisure) affect the dose-response relationship between physical activity and health.
In addition, we examined if different populations (healthy individuals versus individuals
with risk factors versus individuals with CVD) have a different response to physical activity.
Finally, in Chapter 4 and 8 we examined the effect of cardiac rehabilitation, which is a
cornerstone in secondary prevention of CVD patients. These studies represent early steps
towards a more personalised approach in prescribing physical activity in the primary and
secondary prevention of CVD.
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Aerobic versus resistance exercise
Current physical activity guidelines make a distinction between aerobic and resistance (i.e.
muscle-strengthening) activities (Chapter 1, Figure 1). As described in the introduction

(Chapter 1), the benefits of aerobic exercise have been extensively studied, indicating
that more aerobic exercise provides more health benefits. However, resistance exercise
has been less well studied. In Chapter 3, we examined the association between resistance
exercise and metabolic syndrome, an important risk factor for CVD. In this study, we
found that 1 hour per week of resistance exercise was associated with a significantly lower
risk for metabolic syndrome compared with no resistance exercise. Interestingly, more
resistance exercise did not provide further benefits. Also, when the total volume (min/
week) and frequency (times/week) of resistance exercise were combined, we did not see
any significant differences in the risk estimates between lower and higher frequencies of
resistance exercise per week with the same duration of exercise. These findings argue
against the ‘more is better’ philosophy, and the physical activity guidelines of 2 times per
week muscle-strengthening activities. Other observational studies examining other health
outcomes such as hypercholesterolemia26, type 2 diabetes27, cardiovascular morbidity27, 28,
and cardiovascular or all-cause mortality28, 29 found similar non-linear associations with risk
reductions for small volumes of resistance exercise and no benefits for higher volumes (≥
120 minutes/week) of resistance exercise. These results suggest that resistance exercise
improves health up to a certain threshold. There are no clear explanations for the lack
of further benefits, but it has been suggested that it might be due to increased arterial
stiffness. A meta-analysis suggested that high-intensity resistance training was associated
with increased arterial stiffness (~14%) in young individuals with low baseline levels of
arterial stiffness.30
Interestingly, all previously mentioned observational studies, including Chapter 3,
showed that the combination of aerobic and resistance exercise was the most beneficial
to improve health. This was supported by a large observational study in 479,856 American
adults.31 The authors revealed that adults who engaged in recommended aerobic or
muscle strengthening activities showed a reduced risk of all-cause and CVD-related
mortality compared to insufficiently active adults. Adherence to both the aerobic and
muscle-strengthening exercise guidelines was superior in reducing the risk of all-cause
and CVD-related mortality (Figure 5A). Moreover, the association with all-cause mortality
was consistent in different subgroups of chronic conditions (i.e. heart disease, stroke,
hypertension, diabetes, Figure 5B).
Randomized clinical trials (RCTs) support the evidence that the combination of aerobic
and resistance exercise is most beneficial. For example, an RCT involving 160 obese adults
≥65 years demonstrated that the combination of aerobic and resistance exercise resulted
in larger improvements in physical function and self-reported functional status compared to
aerobic or resistance exercise alone.32 Further, the combination increased cardiorespiratory
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fitness (VO2 peak) to the same extent as aerobic only and increased strength to the same
extent as resistance only. These results suggest that combining resistance and aerobic
exercise is most beneficial for physical function. Other RCTs showed that the combination
resulted in the largest improvements in glycaemic control compared to either aerobic or
resistance exercise alone.33, 34 Nevertheless, previously mentioned RCTs are limited by a
relatively short intervention period (range 6-9 months) and some RCTs had longer exercise
durations (1-1.5 times) in the combination group compared to groups receiving endurance
or resistance exercise training only. Therefore, it is still possible that the benefits of the
combination are due to the longer duration of exercise.

Figure 5 | The association between the adherence to the aerobic and/or resistance exercise
guidelines, and all-cause and CVD-related mortality for the total population (A) and stratified
for health condition (B). Risk estimated were adapted from Zhao et al.31 Aerobic exercise guidelines
were defined as ≥150 minutes of light to moderate intensity activities, or ≥75 minutes of vigorous
intensity activities per week. Resistance exercise guidelines were defined as ≥2 days/week. Hazard
ratios (dots) were adjusted for sex, age, race/ethnicity, education, marital status, body mass index,
smoking, alcohol intake, and chronic conditions. Error bars represent 95% confidence intervals.

Whether a person should perform aerobic exercise, resistance exercise or the combination
of the two depends on long term goals, since aerobic and resistance exercise have their own
pathways to improve health. In general, observational studies and RCTs suggest that the
combination of the two might be the best to improve health. Nevertheless, future studies are
necessary to support these findings. In addition, future studies should search for the optimal
dose of resistance and aerobic exercise when performing the combination of the two.
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Leisure versus non-leisure physical activity
The first studies about health benefits of physical activity were performed by Morris et al.35
in employees of London Transport (i.e. bus drivers and conductors) and Paffenbarger et
al.36 in longshoremen (i.e. men lifting goods from the ships to the shore) suggesting health
benefits in men who were physically active at work. A decade later, a study in 15,000 men
from Oslo found an inverse association between leisure physical activity and cardiovascular
risk factors, whereas the association was reversed for occupational physical activity
suggesting that cardiovascular risk factors were worse when more occupational physical
activity was performed.37 Their explanation was that leisure physical activity improves
aerobic capacity, which might not be the case for activities performed at work. Reflecting
on these remarkable observations in Oslo, contemporary studies suggest the existence
of a physical activity health paradox. This paradox suggests that leisure physical activity
improves health, but occupational physical activity is associated with detrimental health
effects.38-41 In Chapter 5, we examined the association between domain-specific physical
activity and CVD morbidity and mortality. Our study reinforces that leisure physical activity
is associated with the largest risk reductions, whereas non-leisure physical activity (i.e.
physical activities during transport, household and occupation) appeared beneficial only
in low to moderate volumes in individuals with cardiovascular risk factors and with CVD,
but not at high volumes or in healthy controls. Nevertheless, occupational physical activity
by itself was not associated with health outcomes, meaning that higher occupational
physical activity did not increase or decrease the risk for CVD morbidity and mortality.
Other literature exploring the effects of occupational physical activity is inconsistent.42, 43
A systematic review and meta-analyses42 including 193,696 individuals showed that men
engaged in high levels of occupational physical activity have an 18% increased risk of allcause mortality (HR 1.18 [95% CI 1.05; 1.34]) compared with men engaged in low levels
of occupational physical activity. Interestingly, the effect in women was the other way
around suggesting a risk reduction, although not significant, in women with high levels of
occupational physical activity (HR 0.90 [95% CI 0.80; 1.01]). In our study (Chapter 5), we
did not see a different dose-response relationship in men and women.
Proponents of the physical activity health paradox suggest different physiological
responses for occupational physical activity compared to leisure physical activity, and
therefore, different effects on cardiovascular health (Figure 6). More specifically, leisure time
physical activity is performed in relatively short (approximately 5-90 minutes) moderate-tovigorous intensity bouts with dynamic postures and sufficient recovery between the bouts,
whereas occupational activity is performed in long (i.e. couple of hours) low-to-moderate
intensity bouts with static and constrained postures and insufficient recovery between the
bouts. Further, individuals do not perform these activities for fun, but to earn a living.
Therefore, proponents suggest that occupational physical activity does not provide the
‘normal’ physical activity benefits such as improved cardiorespiratory fitness, reduced 24-
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hour heart rate and blood pressure, and inflammation.38, 42 On the other hand, critics argue
that the paradox is biased due to inadequate classification of occupational demands (i.e.
inadequate subjective measurement of activities performed during work) and incomplete
adjustment for confounding factors. For example, individuals with higher physical demands
at work generally have a lower socioeconomic status44, whereas individuals with a lower
socioeconomic status tend to have a less healthy lifestyle (i.e. more smoking and alcohol
consumption, unhealthy diet, physical inactivity)45.

Figure 6 | Potential mechanisms for the presence of the physical activity health paradox38, 44.

Currently, the association between occupational physical activity and health is not clearcut, and needs further investigation. Especially the level of evidence for the potential
(physiological) mechanisms of the physical activity health paradox is weak and warrants
further investigation. Future studies should compare the accumulation of physical activity
and postures in individuals with labour intense jobs with controls, and examine its association
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with cardiorespiratory fitness, resting heart rate and blood pressure, inflammations and
other physiological mechanisms (e.g. blood lipids, glucose metabolism and vascular
function). Other factors such as perceived stress and work environment (e.g. temperature,
air quality, etc.) might be important and could play a role in the physical activity health
paradox. Finally, most of current literature is based on physical activity data from subjective
questionnaires. Using objective assessment of physical activity and posture is important
since occupational physical activity is likely be overestimated46 and associations appeared
to be different when measured subjectively versus objectively47.
Cardiorespiratory fitness might also play a role as modifier in the physical activity
health paradox. Preliminary findings showed that cardiorespiratory fitness might influence
the association between occupational physical activity and health. A study in 5,249 men
revealed that men with low physical fitness and high physical work demands had an
increased risk of mortality due to ischemic heart disease (HR 2.90 [95% CI 1.21; 6.96])
compared to low fit individuals with low physical work demands.48 Individuals with high
fitness and high physical work demands did not have an increased risk compared to high
fit individuals with low physical work demands. This suggests that cardiorespiratory fitness
might be an important modifier, and could potentially attenuate the physical activity
health paradox. Similar effects are reported in leisure physical activity, where literature
showed that vigorous exercise acutely increases the risk of sudden death and myocardial
infarction much more in inactive than active individuals.49 To improve cardiorespiratory
fitness, we normally advise individuals to perform moderate-to-vigorous aerobic physical
activity. However, individuals with high levels of occupational physical activity might think
that leisure physical activity is not important for them, since they already adhere to the
physical activity guidelines of 150 minutes of moderate intensity physical activity per week.
Therefore, future research should investigate the combined effects of occupational and
leisure physical activity, and cardiorespiratory fitness.
Taken together, when occupational physical activity is detrimental, physical activity
guidelines need to be updated and take domain-specific physical activity into account
to support individuals with high levels of physical activity at work. In addition, when
cardiorespiratory fitness is a true modifier, we should encourage and support individuals
with labour intense jobs to improve cardiorespiratory fitness and maintain a high fitness
level. To increase the level of evidence, future research should use high quality data,
preferably objectively measured with classification of the context (i.e. leisure, occupation,
transportation, household) and posture (i.e. sitting, standing and moving), and should
perform proper adjustment and stratification for socioeconomic status and lifestyle.
Primary versus secondary prevention
The curvilinear dose-response relationship between physical activity and health is well
described in healthy individuals (Chapter 1, Figure 5). However, literature about the
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dose-response relation in CVD patients is inconsistent. Some studies found a linear
association suggesting that more physical activity resulted in lower all-cause mortality.50, 51
Others found a reverse J-shaped association or even a U-shaped association suggesting
no additional or even attenuated benefits with higher volumes of physical activity.52-55 An
important limitation of previous studies is that the dose-response association was either
investigated in the general population or in CVD patients, and not investigated in one
comparative study. In Chapter 5, we examined the dose-response relationship between
physical activity and major adverse cardiovascular events (MACE) and mortality in three
different groups; healthy individuals, individuals with cardiovascular risk factors and those
with CVD. We found that the dose-response relationship between physical activity, MACE
and mortality was similar for healthy individuals and those with cardiovascular risk factors,
but the magnitude of risk reductions was larger in the risk factor group. However, the
dose-response relationship was different for individuals with CVD compared to healthy
individuals and those with risk factors. Reductions in MACE and mortality in individuals
with CVD were only observed at high volumes of physical activity. These findings suggest
that the minimum volume, optimal volume and upper limit of physical activity depend
on an individual’s cardiovascular health status. In other words, CVD patients might need
additional guidelines since our study showed that they have to perform more physical
activity to gain similar risk reductions.
Minimal volume of exercise
The physical activity guidelines recommend adults to perform at least 150 minutes of
moderate intensity of 75 minutes of vigorous intensity physical activity per week, which is
approximately 500 MET-minutes per week. However, studies have shown that the minimal
volume of physical activity to gain a given health benefit is much lower.22 For example, a
Taiwanese study showed that 92 minutes per week of moderate-intensity exercise already
reduced the risk of CVD mortality (HR 0.81 [95% CI 0.71; 0.93) and all-cause mortality (HR
0.86 [95% CI 0.81; 0.91) compared with their inactive peers.56 In addition, a study in runners
reported a risk reduction in CVD mortality (HR 0.45 [95% CI 0.31; 0.66]) and all-cause
mortality (HR 0.70 [95% CI 0.58-0.85]) when running 51 minutes per week compared with
nonrunners.57 In accelerometer studies, the minimal volume of physical activity to reduce
all-cause mortality is even lower (i.e. approximately 45 minutes per week).58 This indicates
that physical activity, even less than the guidelines, improves longevity.
To our knowledge, only a few studies investigated the association between physical
activity and health outcomes in individuals with cardiovascular risk factors. Similar to our
study, they revealed that the magnitude of risk reductions were large in individuals with
risk factors compared to the total cohort.56, 57 In Chapter 5, we found the first significant
health benefits at approximately 150 MET-minutes per week (i.e. 33 minutes of moderate
intensity physical activity at 4.5 MET) in individuals with cardiovascular risk factors. These
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results suggest that a lower minimum volume of physical activity in this group is required to
reduce the risk of adverse health outcomes, compared to healthy individuals.
The minimum volume of physical activity to reduce MACE and mortality in CVD patients
was found at 5500 MET-minutes/week (~20 hours of moderate intensity exercise at 4.5 MET)
in Chapter 5. This number is much higher compared to healthy individuals and those with
cardiovascular risk factors. A few studies examined the dose-response relationship of physical
activity, exercise and health in CVD patients (Figure 7). However, the studies are difficult to
compare since the outcome (e.g. all-cause or CVD related mortality, or a composite outcome
of mortality and morbidity), patient group (e.g. patients with heart failure, myocardial
infarction, or a combination of several CVDs), domain of physical activity (e.g. total or leisure
physical activity, and exercise training) and study design (e.g. observational and randomized
clinical trial) are different between studies. Based on other studies, the minimum volume of
physical activity to improve health is potentially lower than 5500 MET-minutes/week. The
observational study of Stewart et al.51 reported a minimum volume of 1-300 MET-hours
per week (~1-70 minutes/week moderate intensity activities at 4.5 MET) among patients
with stable coronary heart disease, which was largely supported by the RCT of Keteyian et
al.55 among heart failure patients. Nevertheless, the minimum volume of physical activity to
improve health is higher in other observational studies54, so further studies are needed to
validate previous results. Self-reported volumes of physical activity vary between studies,
which might cause the discrepant results between studies. When physical activity is assessed
with questionnaires, an overestimation of true activity levels is typically observed. Potential
explanation for this phenomenon is that CVD patients might have more difficulties with
estimating their lifestyle behaviour and might be more prone to social desirability answers
since they are encouraged by their physician to follow a healthy lifestyle. Therefore, future
studies would benefit from objective measures of physical activity in CVD patients.
Optimal volume of exercise
The optimum volume of physical activity, with the maximum risk reduction, is approximately
3-5 times the physical activity guidelines (~1500-2500 MET-min/week or 330-560 minutes/
week moderate intensity activities at 4.5 MET) in healthy individuals based on self-reported
data.22, 49 Based on accelerometer data, the optimum is much lower, and more likely around
168 minutes per week of moderate-to-vigorous intensity activities.58 In Chapter 5, we found
an optimum of approximately 2100 MET-minutes/week in individuals with cardiovascular risk
factors. This represents ~4 times the physical activity guidelines. When we compare our
data in individuals with risk factors to the optimum of healthy individuals, it suggests that
the optimum is similar for healthy individuals and those with risk factors. Again, for CVD
patients the optimum is very difficult to estimate, especially since the dose-response curves
have different shapes (i.e. curvilinear, reverse J-shape or U-shape). Based on Figure 7, the
optimum would range between 180 and 9600 MET-minutes per week, so additional research
is necessary to define the optimum more precisely.
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Figure 7 | Dose-response association between physical activity and mortality and morbidity. Data
from different studies is used (A) Bakker et al. (Chapter 5), (B) Keteyian et al.55, (C) Stewart et al.51, (D)
Williams et al.54 and (E) Ku et al.59 Hazard ratios and 95% CI are presented for different outcomes.
CVD = cardiovascular disease, MACE = major adverse events. Ku et al. used kcal to describe physical
activity which were converted to MET-h/week (1 MET-h = 1 kcal/kg) for a person of 80 kg.
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Upper limit of exercise
There is an ongoing debate whether the dose-response relationship between physical
activity and cardiovascular morbidity and mortality follows a curvilinear, reverse J-shape or
a U-shaped curve (Figure 8), especially at the extremes of the curve. The reverse J-shape
indicates that risk reductions become smaller than the optimum at higher volumes of
physical activity. A U-shaped curve suggests that risk reductions are moving towards the nullhypothesis or reverse at higher volumes of physical activity. The prevailing dogma suggests
a curvilinear relationship22, 49, but some studies showed that the most active individuals
have smaller risk reductions compared to the optimum suggesting a reverse J-shape
association49, 58. However, risk estimations for the most active groups have a relatively large
confidence interval, probably due to smaller sample sizes, which overlaps with HRs of the
optimum volume of physical activity. Therefore, it is still impossible to conclude that the risk
reduction of the most active groups is statistically significantly different. Chapter 5 showed
that the highest quartile of physical activity had a slightly higher risk estimate compared to
the optimum quartile in healthy individuals (Q2 HR 0.71 versus Q4 HR 0.76) and those with
risk factors (Q3 HR 0.64 versus Q4 HR 0.69). This might suggest the existence of a reverse
J-shaped curve, but the confidence intervals of the HRs largely overlap. Most importantly,
even in the highest quartile health benefits related to physical activity remained present.
Chapter 5 revealed a greater risk reduction in the most active groups of CVD patients,

which is supported by Stewart et al.51 and Ku et al.59 Nevertheless, Figure 7 shows that
2 other studies reported a reverse J-shaped association.54, 55 Another observational study
examining the frequency of exercise per week found that coronary heart disease patients
exercising 7 times per week had an increased mortality risk (i.e. U-shaped curve).52 The
potential explanation for the existence of an upper limit of physical activity is the transient
increased risk for sudden cardiac death during vigorous intensity activities49 or potential
long-term detrimental cardiac effects such as atrial fibrillation or myocardial fibrosis60.
Nevertheless, the conflicting results warrant further exploration.
Taken together, the dose-response association is largely known for healthy individuals,
where more physical activity improves health. In individuals with cardiovascular risk factors,
we see that the dose-response curve is similar to that in healthy individuals, but the
magnitude of the risk reductions is larger. This means that the risk factor group potentially
benefits the most of increasing physical activity levels. The results for the dose-response
association in CVD patients are inconsistent, but all studies showed that performing more
physical activity improved health. Finally, the potential detrimental effects of too much
exercise need further investigation, but these effects only occur at very high volumes of
physical activity. Since most of the population, especially individuals with chronic diseases,
are insufficiently active, it is important to actively promote physical activity to reduce the
risk of adverse health outcomes.
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Figure 8 | Examples of different dose-response relationship curves between physical activity and
adverse health outcomes.

Cardiac rehabilitation
Cardiac rehabilitation is a key component of secondary prevention strategies for CVD
patients, and is developed to limit physiological and psychological effects of CVD, manage
symptoms, and reduce the risk of future CVD events.61 The rehabilitation program contains
different components such as a medical and risk factor control program, physical activity
and nutrition counselling, and exercise training. CVD patients with stable angina pectoris,
systolic heart failure, myocardial infarction, recent cardiac surgery, or a percutaneous
coronary intervention are eligible for cardiac rehabilitation.22 Different Cochrane systematic
reviews including RCTs summarized the effect of exercise-based cardiac rehabilitation
in patients with coronary heart disease and heart failure. They found that patients with
coronary heart disease randomized to exercise-based cardiac rehabilitation had less short
term (6 – 12 months) hospital admissions compared with no exercise (RR 0.65 [95% CI 0.46;
0.92]). In the long term, patients with coronary heart disease had a reduced cardiovascular
mortality when performing exercise-based cardiac rehabilitation (RR after 12-36 months
0.77 [95% CI 0.63-0.93], and RR after >36 months 0.58 [95% CI 0.43-0.78]). No reductions
were found for all-cause mortality (RR after 12-36 months 0.89 [95% CI 0.78-1.01], and
RR after >36 months 0.91 [95% CI 0.75-1.10]).62 Similar results for short-term hospital
admission were demonstrated in patients with heart failure (RR after <12 month 0.70 [95%
CI 0.60; 0.83]), and for the long-term all-cause mortality (RR after >12 months 0.88 [95%
CI 0.75-1.02]).63 RCTs are used as gold standard in evidence-based medicine, representing
the highest levels of evidence. However, RCTs typically exclude vulnerable patients such as
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elderly or those with comorbidities/multimorbidity, which might underestimate the effect
of cardiac rehabilitation since the health benefits in vulnerable patients might be larger.
Further, RCTs have relatively short follow-up periods. When we explored the effects of
cardiac rehabilitation in an observational study using Dutch healthcare insurance data (N=
83,687, 4.7±1.8 years follow-up), we found that participation in cardiac rehabilitation was
associated with 32% lower risk for all-cause mortality (HR 0.68 [95% CI 0.65-0.71]) after
adjustment for confounding factors.64 The association between cardiac rehabilitation and
all-cause mortality was independent of age, sex, socioeconomic status and comorbidities,
but the magnitude of risk reductions following cardiac rehabilitation was different across
categories of CVD diagnosis and type of cardiothoracic surgery. Despite the potential
beneficial health effect of cardiac rehabilitation, the average participation rate was only
31.3%.
Suggestions for improvement
Apart from the low participation rates, literature reported significant heterogeneity in
individual responses to exercise-based cardiac rehabilitation, with some demonstrating no
change or even a decline in cardiorespiratory fitness.65, 66 Improvement of cardiorespiratory
fitness is important, because cardiorespiratory fitness is a strong predictor of mortality.67-70
These observations may provide a link to the explanation for the relatively modest effects
of physical activity in CVD patients as previously mentioned. Perhaps only a subset of CVD
patients will benefit clinically or improve their cardiorespiratory fitness. To explore this in
more detail, we examined in Chapter 4 if cardiac rehabilitation improved cardiorespiratory
fitness in heart failure patients. In addition, we investigated the clinical relevance of
improvements in cardiorespiratory fitness and explored possible factors associated with the
absence of improvement in cardiorespiratory fitness. We found that the inability to improve
fitness by cardiac rehabilitation doubled the risk of death or unplanned hospitalization (HR
2.15 [95% CI 1.17; 3.94]). The combination of lower baseline fitness and no improvement
was associated with even poorer clinical outcomes (HR 4.88 [95% CI 1.71; 13.93]). Factors
associated with no improvement in fitness were older age, higher baseline fitness and low
adherence to the cardiac rehabilitation program. Literature suggests that ‘non-response’
could be undone by changing the exercise intensity, duration of the training program or
modality.71, 72 Furthermore, factors associated with ‘non-response’ overlap with the results
of Chapter 4, whereas additional factors are genotype, training history, nutritional intake,
psycho-emotional states, between session recovery, and ability to meet prescribed training
workloads.72 These results suggest that patients might benefit from a more personalized
training program to reduce the number of non-responders and thereby improve survival.
Chapter 8 showed that CVD patients did not improve moderate-to-vigorous physical
activity after following a cardiac rehabilitation program. Small improvements were found
in light intensity physical activity (0.3 hrs/day improvement directly after and 0.4 hrs/
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day improvement 2-months post cardiac rehabilitation). Interestingly, subgroup analyses
showed that inactive patients at baseline had the largest improvement in light activities
(0.5 hrs/day), whereas active patients did not improve (0.0 hrs/day). Again, this suggest that
baseline physical activity levels might affect the training response of cardiac rehabilitation.
By understanding the factors mediating in the response to exercise, we might be
able to predict who will be non-responder and provide this group with a different exercise
training program. So ideally, CVD patients should be assigned to an exercise training
program that fits their profile best before the start of the cardiac rehabilitation program.
This provides the opportunity to make cardiac rehabilitation as personalized as possible.
Nevertheless, we still have a long way to go. First, we need large amounts of data to
be able to find subgroups of patients with similar responses to certain types of exercise
training programs. Second, novel techniques such as supervised or unsupervised machine
learning are necessary to combine and analyse different kinds of data such as data from
electronic patient files and wearables devices. Third, we need to implement a decision
support system which could be used in clinical practice.72 This system should be further
developed during usage to improve its predictions and the user friendliness. Finally, homebased cardiac rehabilitation, either alone or in combination with centre-based cardiac
rehabilitation, might also be a future direction to improve current cardiac rehabilitation.
Home-based cardiac rehabilitation programs are easier to personalize, flexible to schedule,
and could expand the capacity. However, such home-based training sessions have more
safety concerns, less face-to-face monitoring, communication and social support, and no
published standards are currently available.73

Sedentary behaviour as risk factor
Emerging evidence of the past decade demonstrates negative health effects associated with
sedentary behaviour.58, 74-76 In Chapter 7 and 8, we explored the prevalence of sedentary
behaviour in relatively healthy individuals and CVD patients. Further, we investigated
whether sedentary behaviour changed after cardiac rehabilitation in CVD patients. This
information is important to target and reduce sedentary time, but first we need to explore
at which point sedentary behaviour is detrimental for health.
Dose-response association of sedentary behaviour
As discussed in Chapter 1, a meta-analysis suggested a non-linear association between
sedentary time and CVD (6.8 to 10.0 hours/day HR 1.01 [95%CI 0.95; 1.08], and >10.0
hours/day (HR 1.08 [95%CI 1.00; 1.14]).77 Patterson et al.78 reported similar non-linear
relationships for other health outcomes such as all-cause mortality (≤8 hours sedentary
time RR 1.01 [95% CI 1.00; 1.01] per hour, >8 hours sedentary time RR 1.04 [95% CI 1.03;
1.05] per hour) and CVD mortality (≤6 hours sedentary time RR 1.01 [95% CI 0.99; 1.02] per
hour, >6 hours sedentary time RR 1.04 [95% CI 1.03; 1.04] per hour). The dose-response
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association between sedentary time and type 2 diabetes was linear (RR 1.01 [95% CI 1.00;
1.02] per hour), whereas the association with cancer mortality had a nonsignificant linear
curve (RR 1.01[95% CI 1.00; 1.02] per hour). Based on previously mentioned results, the
threshold for detrimental effects of too much sedentary time would lie between 6 to 10
hours/day. Since sedentary behaviour is generally underestimated by participants79, the
‘true’ threshold might be higher when sedentary time is measured objectively. Indeed,
pooled analyses examining objectively measured sedentary time showed that the negative
effects of sedentary time on all-cause mortality became statistically significant after 9.5
hours sitting per day.58
All previously mentioned analyses were adjusted for physical activity indicating that
the detrimental effects of sedentary time are independent of the level of physical activity.
However, most studies did not investigate the existence of effect modification meaning
that the association between sedentary time and health outcomes is different within
physical activity subgroups. The meta-analysis of Pandey et al.77 found some indication
suggesting the occurrence of effect modification, because the effects of sedentary time
became smaller and even disappeared in individuals with high volumes of physical activity.
However, the number of studies and sample sizes were too small to draw any conclusions.
Later on, the presence of effect modification was supported by several meta analyses74,
80

and observational studies75. For example, Ekelund et al.74 investigated the association

between self-reported sitting time (i.e. <4, 4, <6, 6–8, >8 hours/day) within physical activity
quartiles (≤5, 25–35, 50–65 and ≥60–75 minutes/day of moderate intensity activities).
They showed that the association between sedentary time and all-cause mortality was
the strongest in inactive individuals. Inactive individuals sitting >8 hours per day had a
27% higher risk (HR 1.27 [95% CI 1.22; 1.32]) of death compared to inactive individuals
sitting <4 hours per day. When individuals became more physically active, the increased
risk lowered to 12% (HR 1.12 [95% CI 1.07; 1.17]) in the second quartile of physical activity,
to 10% (HR 1.10 [95% CI 1.04; 1.16]) in the third quartile, and to 4% (HR 1.04 [95% CI 0.98;
1.10]) in fourth quartile. Dose-response associations of sedentary time (i.e. <4, 4, <6, 6–8,
>8 hours/day) and all-cause mortality were weaker and of lower magnitude in the second
and third physical activity quartiles, and even disappeared in the fourth quartile. Similar
associations were found for CVD mortality and cancer mortality.80 This suggests that the
association between sedentary and health depends on physical activity levels, whereas
high volumes of physical activity could even eliminate the increased risk of death. In
addition, reviews summarizing the mechanistic effect of sedentary behaviour and physical
activity do overlap, so it is difficult to point out independent mechanistic pathways between
sedentary behaviour and physical activity.81, 82 Nevertheless, previous studies examining the
potential of effect modification are based on self-reported data. As previously discussed in
the section ‘Assessment of physical activity and sedentary behaviour’, studies including
objectively measured sedentary time and physical activity are needed to support these
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results. However, since both sedentary time and physical activity are being measured, it is
important to choose a tool valid for both type of activities.
Even though studies suggest that the association between sedentary behaviour
and detrimental health effects depend on physical activity, it is still important to reduce
sitting time from a public health perspective. The negative effects of sedentary time can
only be undone when individuals perform very high volumes of physical activity (~3 times
the recommend physical activity guidelines). This evidence suggests that the physical
activity guidelines are not enough to protect against the hazards of too much sitting. In
addition, performing very high volumes of physical activity is currently not feasible in most
populations, especially since 51% of the Dutch population does not adhere to the physical
activity guidelines.83 This percentage is even higher in other countries such as the United
States84, which highlights the urgency of public health measures to reduce sedentary time
and stimulate a physically active lifestyle.
Targeting sedentary time
In Chapter 8, we examined the prevalence of sedentary behaviour in patients with CVD and
healthy individuals. We found that CVD patients where highly sedentary and performed less
physically activity compared to healthy individuals. After cardiac rehabilitation, sedentary
time reduced slightly in CVD patients, but the accumulation of sedentary time in prolonged
sedentary bouts (>30 minutes) and moderate-to-vigorous physical activity did not change.
Although sedentary time was reduced in CVD patients after cardiac rehabilitation, CVD
patients were still highly sedentary (~10 hours/day) indicating that more changes in
behaviour are needed, especially in this patient group. To reduce the detrimental effects
of sedentary behaviour, both the total volume as the accumulation of sedentary time in
prolonged sedentary bouts need to be improved since both are associated with adverse
health outcomes.85, 86 Interventions to reduce sedentary time can be fairly successful (mean
difference -57 minutes/day [95% CI -74; -40]), but the effectiveness of interventions to
reduce sedentary time are very different between studies and seem to wane across time.87
Most literature investigates sedentary behaviour on an aggregated level (e.g. total
sitting time). However, a dynamic approach where sitting behaviour is conceptualized as a
continuous chain of sit-to-stand and stand-to-sit transitions might be important as well. Sitto-stand and stand-to-sit transitions might be different in both probability (i.e. probability
to stand up while sitting versus sit down while standing) and timing (i.e. probabilities
change during the day). Ten Broek et al.88 observed that working individuals were faster
switching postures later during the workday compared to earlier during the workday.
Moreover, when individuals were more active in the previous hours, they were faster to
stand up while sitting and slower to sit down when standing. The authors therefore suggest
that sedentary behaviour is different from other health behaviours, because generally when
individuals are more fatigued at the end of the day, they are more likely to engage in
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unhealthy behaviours (unhealthy eating or skipping exercise sessions), which is not the case
for sedentary behaviour. Furthermore, a dynamic approach might improve current ‘sit less’
interventions since behaviour changes throughout the day.
Apart from effective interventions, it is important to identify factors associated with
high amounts of sedentary time to search for individuals ‘at risk’ for the detrimental effect of
sedentary behaviour. This will help to effectively target sedentary behaviour via interventions
or public health campaigns.89 In Chapter 7, we investigated the prevalence of domainspecific sedentary behaviour and factors associated with high amounts of sedentary time.
This study showed that leisure sedentary time was the most important contributor, which
is important since most intervention studies are targeting occupational sedentary time.87
In addition, younger age, male sex, being unmarried, higher education, employment and
higher BMI were significantly associated to higher levels of total sedentary time. Domainspecific factors associated with sedentary time were roughly the same, but for leisure
sedentary time we found that older age, being unmarried, unemployment, higher BMI and
poor health were associated with sedentary time. These findings overlap with the results
from Chapter 8, where we found that patients were more sedentary compared to healthy
controls. Again, we reported in CVD patients that sedentary time was most prevalent
during leisure time activities. In addition, being male, single or divorced, employed,
physically inactive, reporting high alcohol consumption, living in an urban environment,
having comorbidities and cardiac anxiety were associated with large amounts of sedentary
time. Combining findings from these two chapters suggest that leisure sedentary time
is important to target sedentary behaviour, and therefore, interventions only targeting
occupational sedentary time might not be effective enough. Sedentary behaviour should
be targeted throughout the whole day, especially since structural changes are more
likely to sustain behaviour change.90 In addition, half of the factors (i.e. age, sex, marital
status, employment and health) associated with sedentary time overlapped between the
populations, but some were more specific for CVD patients (i.e. physical inactivity, alcohol
consumption, urban environment and cardiac anxiety). Based on these two studies, it is
important to take individual, social, and environmental factors into account when we want
to influence health-behaviour.
Taken together, CVD patients are highly sedentary and do not sufficiently reduce
their sedentary behaviour after cardiac rehabilitation. To reduce sedentary time, current
interventions are not effective enough and might be improved by a dynamic approach.
Sedentary time should be targeted in all domains since both occupational and leisure
time sitting contribute to high amounts of sitting time. Finally, it is important to include
individual, social, and environmental factors to identify groups at risk and to influence
sedentary behaviour.
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Suggestions for future research
The majority of studies determining the dose-response relationship between sedentary
time and health are performed in healthy individuals. This thesis showed that sedentary
time is highly prevalent in individuals with CVD. Therefore, future studies should examine
the dose-response relationship of sedentary behaviour in individuals with CVD with
stratification for inactive and active patients. Ideally, sedentary time should be measured
with a thigh-worn accelerometer, since most studies use questionnaires which are less valid
or use waist-worn accelerometers which have difficulties to differentiate between sitting
versus standing. Differentiation between sitting and standing is important, because some
studies suggest that standing could be seen as light intensity physical activity and could,
therefore, improve health.22 When we want to be very precise, we could argue that sedentary
time measured with waist-worn accelerometer is actually the lack of ambulatory movement
and not sedentary behaviour on itself. Furthermore, experimental and mechanistic studies
should investigate the acute effects of prolonged sedentary time in CVD patients, since
other studies showed that the benefits of breaking up sitting time were most pronounced
in individuals with metabolic impairments, older populations or in those with overt or
prehypertension.7, 91 Finally, studies should determine individual, social, and environmental
factors associated with changes in sedentary behaviours, and use a dynamic approach
to target sedentary time. This information could be used to develop new strategies or
improve current interventions to reduce sedentary time in high risk populations.

Recommendations for physical activity and sedentary behaviour
Sit less or move more
This chapter summarized current evidence for the associations between physical
activity, sedentary behaviour and health. However, an important question which is still
unanswered is ‘Should I sit less or move more?’. The answer depends on personal goals
and possibilities. The most effective way to improve health and to undo the detrimental
effects of sedentary behaviour is to exercise more than 2000 MET-minutes per week (~60
minutes/day of moderate intensity physical activity).22, 49, 74 Perhaps performing exercise on
higher intensity (i.e. vigorous) could reduce the minutes of exercise per day, since higher
intensities of exercise provide more health benefits.60 In addition, performing both aerobic
and resistance exercise might also help to achieve the best results.31
When performing high volumes of exercise is not feasible, an individual should
perform exercise as much as possible in combination with reducing sedentary time. The
combination of the two, when sedentary time is replaced by exercise, is especially strong
to improve health and reduce the risk of mortality.75, 92 Further improvements might be
achieved when sedentary time is regularly broken up into short bouts (<30 minutes).85,
86

When exercise is not feasible to perform, individuals should break-up sedentary

time as much as possible in combinations of bouts with light intensity physical activity.7
Nevertheless, the most effective way to improve health is to be physically active (Figure 9).
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In conclusion, the best advice to provide inactive individuals is sit less to move more. When
individuals are already active, they should try to further increase their physical activity levels
up to 60 minutes per day.
It is also important to emphasize that it is never too late to start with a physically
active lifestyle. Especially for inactive individuals, it might improve their motivation to start
exercising even for only a small amount of time per week. For example, women of 50
years old had a gained life expectancy of approximately 5 years when they improved their
physical activity levels from a sedentary lifestyle to 0.5-1.9 hours physical activity per week.
The gained life expectancy became larger when more physical activity was performed with
a maximum of approximately 8 years. Similar, albeit slightly smaller, advantages were found
for men of 50 years who had approximately 3 years gained life expectancy when they
improved their physical activity levels from a sedentary lifestyle to 0.5-1.9 hours physical
activity per week with a maximal benefit of approximately 7 years when more physical
activity was perfomed.93 Taken together, individuals should sit less to move more, whereas
it is never too late to start a physically active lifestyle.

9

Figure 9 | The hypothetical effect of reducing sedentary behaviour and increasing physical activity.
Risk reduction are based on Patterson et al.78 and Wen et al.56

Conclusion
The present thesis provides important insights into the assessment of physical activity and
sedentary behaviour, the dose-response relationship of physical activity and health, and
insights into the prevalence of sedentary behaviour. First, current studies largely use selfreported physical activity and self-reported sedentary behaviour, thus findings should be
interpreted carefully because of large variety in the validity and reliability of questionnaires.
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Therefore, future studies would markedly improve in quality when objective measurements
of physical activity and sedentary behaviour are used.
Second, physical activity reduces the risk of adverse health outcomes, but the doseresponse relationship between physical activity and health outcomes depends on the mode
(aerobic versus resistance exercise versus the combination of the two), the domain (leisure
versus occupation) and health status (primary versus secondary prevention). Based on
these results, future (inter)national physical activity guidelines should keep the combination
of both aerobic and resistance exercise, but might benefit from specific guidelines for
healthy individuals and those with CVD, and the differentiation between physical activity
during leisure time and at work.
Third, sedentary behaviour is highly prevalent, especially in individuals with CVD,
and is associated with general person characteristics, health and environmental factors.
These factors could be used to identify risk populations for the detrimental effects of
sedentary behaviour. ‘Sit less’-interventions need further improvement by, for example, a
more dynamic approach. Furthermore, current guidelines don’t provide a threshold for too
much sitting time, which is necessary to reduce sitting time to an acceptable level. Future
research should improve the current level of evidence, and thereby provide information to
create guidelines for too much sitting.
Finally, increasing physical activity in individuals is important to reduce the incidence
of chronic diseases and mortality. Even small volumes of physical activity are effective
to improve health. Although the effect of sedentary behaviour might not be completely
independent from the effects of physical activity, it is important to encourage individuals,
especially inactive individuals, to sit less and break-up prolonged sedentary bouts.
A glimpse into the future
Future research and recommendations are expected to be based primarily on studies using
objective assessment of activity behaviour. This opens the possibility to harmonize raw
acceleration data, and pool data from different studies to investigate detailed questions
about the association between physical activity, sedentary behaviour and health outcomes
in healthy individuals and in those with chronic diseases. For example, to investigate the
health effects of different intensities of physical activity (i.e. light, moderate, vigorous),
postures, breaks / bouts of sedentary behaviour, and a 24-hour overview of different
behaviours (i.e. sleep, sitting and physical activity).
Large amounts of data open-up the possibility to investigate the potential of
advanced data analyses (i.e. supervised and unsupervised machine learning) and artificial
intelligence to classify activities based on acceleration, and to add context or domains
to different physical activities. In addition, such large amounts of data will help to find
the best physical activity volume for different subgroups. This will increase the likelihood
of a more personalized approach when we aim to increase physical activity and reduce
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sedentary time in different subgroups of the population. Finally, future possibilities ask for
collaboration between different disciplines in this research area, such as epidemiology,
physiology, psychology and data science, and ask researchers to go for FAIR (i.e. Findability,
Accessibility, Interoperability, and Reuse).
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Summary
The aims of this thesis were to 1) investigate the dose-response relationship between
physical activity and health for both primary and secondary CVD prevention; and 2) explore
the prevalence of sedentary behaviour in healthy individuals and in those with CVD. For this
purpose, we performed studies on physical activity (Part 1: Chapters 2 – 5) and sedentary
behaviour (Part 2: Chapters 6 – 8).

A general introduction on the background and rationale of this thesis is provided in
Chapter 1. We discussed relevant evidence about the health effects of physical activity
and sedentary behaviour, the gaps of knowledge, and provided the outline of the present
thesis.
Part 1 – Physical activity
In Chapter 2, we summarized measures of physical function and physical activity,
provided an update on measurement instruments, and discussed options for easy-to-use
measurement instruments for day-to-day use by patients. Valid assessment of physical
function, physical activity, and exercise is essential to enlarge and improve the current
evidence on their association with health. We demonstrated that large variation exists
in the different strategies to assess physical function and activity in clinical practice and
in research settings. To choose the best available method, accuracy, content, preferable
outcome, necessary expertise, resources and time are important issues to consider.
In Chapter 3, we examined the association between resistance exercise and the
risk of metabolic syndrome, which was defined as a combination of glucose intolerance,
central obesity, dyslipidaemia and hypertension. In this study, we used data of the Aerobics
Center Longitudinal Study and explored the effects of different volumes of self-reported
resistance exercise independent of and combined with aerobic exercise. Participating in
resistance exercise, even for less than one hour per week, was associated with a lower
risk of metabolic syndrome, independent of aerobic exercise. Individuals meeting both
resistance and aerobic exercise guidelines had the lowest risk of metabolic syndrome.
Therefore, health professionals should recommend patients to perform resistance exercise
along with aerobic exercise to reduce the incidence of metabolic syndrome.
In Chapter 4, we aimed to examine the clinical impact of cardiorespiratory fitness
and improvements in cardiorespiratory fitness after exercise-based cardiac rehabilitation
in patients with heart failure. We found significant heterogeneity in individual responses
to exercise-based cardiac rehabilitation, as 45% of heart failure patients did not improve
their fitness following a supervised exercise training program. The inability to improve
fitness by cardiac rehabilitation doubled the risk of death or unplanned hospitalization,
independent of baseline fitness. The combination of lower baseline fitness and no fitness
improvements was associated with even poorer clinical outcomes. Especially older heart
failure patients with higher baseline fitness and lower adherence had a higher probability
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to have no fitness improvements after cardiac rehabilitation. Therefore, improvement of
fitness is clinically relevant, since it impacts survival and half of the heart failure patients
were not able to increase their fitness levels after cardiac rehabilitation.
In Chapter 5, we compared the dose-response relationship between physical activity
and major adverse cardiovascular events and all-cause mortality among healthy individuals,
individuals with cardiovascular risk factors and those with CVD. We found that higher
volumes of physical activity reduced the risk of adverse health outcomes, especially when
physical activity was performed during leisure time. Cardiovascular health status impacted
the dose-response relationship between physical activity and adverse outcomes. Healthy
individuals and individuals with CVRF demonstrated a curvilinear relationship, whereas
a linear association was found among individuals with CVD. These findings suggested
that physical activity recommendations should be individualized based on an individual’s
cardiovascular health status.
Part 2 – Sedentary behaviour
In Chapter 6, we summarized tools to subjectively measure sedentary behaviour.
Subjective measures of sedentary behaviour (i.e. questionnaires and diaries/logs) are
widely implemented, and can be useful for capturing type and context of sedentary
behaviour. However, there was wide variability in the measurement properties, quality of
the studies, and the validity and reliability of the tools. Based on validity, logs and diaries
are recommended to assess self-reported sedentary behaviour. However, due to constraints
in time and resources, 1-item questionnaires may be preferred to subjectively assess
sedentary behaviour in large-scale observations, because they showed similar validity and
reliability compared to longer questionnaires. Nevertheless, 1-item questionnaires only
provide total sedentary behaviour, not domain-specific sedentary behaviour.
In Chapter 7, we identified subject-, lifestyle- and health-related correlates for
total sedentary and different sedentary behaviour domains: transportation, occupation,
and leisure time. We found that sedentary time was most prevalent during leisure time.
Additionally, younger age, male sex, being unmarried, higher education, employment and
higher BMI were significantly associated to higher levels of total sedentary time. Domainspecific correlates associated with sedentary time were roughly the same, but for leisure
sedentary time we found that older age, being unmarried, unemployment, higher BMI
and poor health were associated with high amounts of sedentary time. Correlates for high
amounts of sedentary time vary across domains emphasizing the difficulty to target this
unhealthy lifestyle.
In Chapter 8, we compared sedentary behaviour between CVD patients and
age-matched healthy controls, identified characteristics associated with high amounts
of sedentary time, and determined the impact of cardiac rehabilitation on sedentary
behaviour. We demonstrated that CVD patients had greater amounts of objectively
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measured sedentary time compared to healthy controls. CVD patients who were male, single
or divorced, employed, physically inactive, reported high alcohol consumption, lived in an
urban environment, had comorbidities and cardiac anxiety demonstrated a greater odds
for high amounts of sedentary time. Participation in a contemporary cardiac rehabilitation
program slightly reduced sedentary time and increased light intensity physical activity.
Nevertheless, the improvements in sedentary time were relatively small. No improvements
were found in moderate-to-vigorous physical activity. Therefore, tailored interventions are
needed to reduce sedentary behaviour and increase physical activity in CVD patients.
Part 3 - General discussion
In Chapter 9, we integrated findings of this thesis with insights from other studies, and
discussed directions for future research. We observed that current literature mostly used selfreported physical activity and sedentary behaviour. Since there is large variety in the validity
and reliability of questionnaires, future studies would benefit from objective measurements
of physical activity and sedentary behaviour. Furthermore, based on this thesis and other
studies, we demonstrated that the dose-response relationship between physical activity
and health outcomes depends on the mode (aerobic versus resistance exercise versus the
combination of the two), the domain (leisure versus occupation) and health status (primary
versus secondary prevention). Although further research is necessary, future physical activity
guidelines might benefit from domain and health status specific guidelines.
Even though studies suggest that the association between sedentary behaviour and
detrimental health effects depends on physical activity, it is still important to reduce sitting
time from a public health perspective. Sedentary behaviour is highly prevalent, especially
in individuals with CVD, and physical activity levels are too low in most of the population
to undo the negative health effects. General characteristics, health and environment factors
could be used to identify populations at risk of too much sitting time. Nevertheless, future
research should improve the current level of evidence of the health effects of sedentary
behaviour to create guidelines for too much sitting time.
Future studies using objective measurements of physical activity and sedentary
behaviour open the possibility to harmonize raw acceleration data, and pool data of
different studies to investigate more detailed questions about the association between
physical activity, sedentary behaviour and health. Furthermore, when large amounts of data
are available, advanced data analyses, such as machine learning and artificial intelligence,
might be integrated to add context and setting to raw acceleration data. Additionally, large
amounts of data might improve the ability to provide a more personalized approach to
increase physical activity and reduce sedentary time. Collaboration between researchers
from different disciplines is necessary to accomplish these future opportunities, so
multidisciplinary research groups or consortia must be initiated to bring the field of physical
activity epidemiology to the next level.
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Nederlandse samenvatting
Bewegen is gezond voor het lichaam. Daarentegen is teveel zitten mogelijk ongezond.
Het doel van dit proefschrift was om: 1) te onderzoeken wat de dosis-respons relatie is
tussen lichaamsbeweging en gezondheid voor de primaire en secondaire preventie van
hart- en vaatziekten, en 2) te exploreren wat de prevalentie van zitgedrag is bij gezonde
individuen en personen met hart- en vaatziekten. Hiervoor hebben we studies uitgevoerd
naar lichaamsbeweging (Deel 1: hoofdstuk 2-5) en zitgedrag (Deel 2: hoofdstuk 6-8).

In hoofdstuk 1 gaven we een algemene introductie van het onderwerp, waarin we

de relevante bestaande kennis over de gezondheidseffecten van lichaamsbeweging en
zitgedrag, de nieuwe richtingen binnen het onderzoek en de opzet van dit proefschrift
hebben beschreven.
Deel 1 – Lichaamsbeweging
In hoofdstuk 2 hebben we meetinstrumenten voor de fysieke functie en lichaamsbeweging
samengevat en een update gegeven over het gebruik van verschillende bestaande
meetinstrumenten. Daarnaast hebben we makkelijk te gebruiken opties bediscussieerd voor
de dagelijkse klinische praktijk. Valide metingen van fysieke functie, lichaamsbeweging,
en sport zijn essentieel om de huidige kennis in relatie tot gezondheid te vergroten en
te verbeteren. We hebben laten zien dat er veel verschillende mogelijkheden zijn om
fysieke functie en lichaamsbeweging te meten in de klinische en onderzoekspraktijk. Om
de beste meetmethode te kiezen zijn nauwkeurigheid, het doel, de gewenste uitkomst, de
benodigde expertise, middelen en tijd van groot belang.
In hoofdstuk 3 hebben we onderzoek gedaan naar de associatie tussen
krachttraining en het risico op metabool syndroom (gedefinieerd als de combinatie van
glucose intolerantie, centrale obesitas, een verhoogd cholesterol en hoge bloeddruk).
In deze studie hebben we bekeken wat de gezondheidseffecten zijn van verschillende
hoeveelheden krachttraining onafhankelijk en/of gecombineerd met duursport zoals
wandelen, zwemmen, fietsen en hardlopen. Uit het onderzoek bleek dat minder dan een
uur krachttraining per week al geassocieerd was met een verlaagd risico op metabool
syndroom, en dat dit onafhankelijk was van de hoeveelheid duursport. Individuen die
zowel krachttraining als duursport beoefenden en daarbij voldeden aan internationale
beweegnorm hadden het laagste risico op metabool syndroom. Zorgprofessionals zouden
daarom patiënten kunnen adviseren om krachttraining naast duursport uit te voeren om
het risico op de ontwikkeling van metabool syndroom te verlagen.
In hoofdstuk 4 hebben we bekeken wat de klinische relevantie van lichamelijke
fitheid en een verbetering in lichamelijke fitheid was na hartrevalidatie in patiënten
met hartfalen. We vonden een grote variatie in individuele veranderingen in fitheid na
hartrevalidatie, waarbij 45% van de hartfalen patiënten geen verbetering in fitheid lieten
zien. Het onvermogen om lichamelijke fitheid te verbeteren verdubbelde het risico op
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vroegtijdig overlijden en ongeplande ziekenhuisopname, onafhankelijk van de fitheid
bij de start van de revalidatie. Een combinatie van een lage fitheid bij de start van het
revalidatieprogramma en geen verbetering in fitheid na revalidatie zorgde zelfs voor nog
slechtere klinische uitkomsten. Verder hebben we geprobeerd de individuen die geen
verbetering in fitheid lieten zien te identificeren. Met name ouderen met een hoge fitheid
aan de start van de hartrevalidatie en lage therapietrouw laten vaker geen verbetering
zien. Op basis van dit onderzoek kunnen we concluderen dat lichamelijke fitheid klinisch
relevant is, waarbij ongeveer de helft van de patiënten met hartfalen geen verbetering
lieten zien na het volgen van een hartrevalidatieprogramma hetgeen invloed heeft op de
overleving van deze patiëntgroep.
In hoofdstuk 5 vergeleken we de dosis-respons relatie van lichaamsbeweging,
nieuwe hart- en vaatziekten en overlijden tussen gezonde individuen, individuen met
hart- en vaatziekten gerelateerde risicofactoren (bijvoorbeeld verhoogd cholesterol, hoge
bloeddruk en diabetes) en personen met hart- en vaatziekten. In deze studie zagen we
dat meer beweging het risico op nieuwe hart- en vaatziekten en overlijden verlaagde in
alle drie de groepen, met name als de lichaamsbeweging in de vrije tijd werd uitgevoerd.
Ook zagen we dat de vorm van de dosis-respons relatie verschilde tussen individuen met
hart- en vaatziekten (lineaire relatie), gezonde individuen en personen met cardiovasculaire
risicofactoren (beiden een hyperbolische relatie). Deze resultaten suggereren dat richtlijnen
voor gezond bewegen meer geïndividualiseerd kunnen worden op basis van hart- en
vaatziekten gerelateerde gezondheidsstatus.
Deel 2 – Zitgedrag
In hoofdstuk 6 hebben we verschillende subjectieve instrumenten, zoals vragenlijsten en
dagboeken, met elkaar vergeleken om zitgedrag te meten. Subjectieve meetinstrumenten
van zitgedrag worden vaak gebruikt en zijn belangrijk voor het meten van zitgedrag in een
bepaalde setting, bijvoorbeeld op het werk, in de vrije tijd en tijdens vervoer. Uit onze
literatuurstudie kwam naar voren dat er veel verschillen bestaan in meeteigenschappen,
kwaliteit, nauwkeurigheid en betrouwbaarheid. Op basis van nauwkeurigheid kunnen
dagboeken worden geadviseerd voor het subjectief meten van zitgedrag. Gebaseerd
op beperkingen in tijd en financiële middelen gaat bij grote observationele studies de
voorkeur uit naar 1-item vragenlijsten, omdat de nauwkeurigheid en betrouwbaarheid
daarvan vergelijkbaar is met die van langere vragenlijsten. Daarentegen geven 1-item
vragenlijsten alleen totaal zitgedrag weer, niet domein-specifiek zitgedrag.
In hoofdstuk 7 hebben we persoonlijke, leefstijl- en gezondheidsgerelateerde
eigenschappen geïdentificeerd die geassocieerd waren aan een langere zittijd per dag. We
zagen dat het meeste zitgedrag voorkwam in de vrije tijd. Verder zagen we dat een jongere
leeftijd, mannelijk geslacht, ongehuwd en hoogopgeleid zijn, werken en een hogere BMI
gerelateerd waren aan langere zittijd. Eigenschappen geassocieerd aan domein specifiek
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zitgedrag, bijvoorbeeld op het werk en tijdens vervoer, waren grofweg hetzelfde, behalve
voor zitten in de vrije tijd waar we vonden dat een hogere leeftijd, ongetrouwd zijn,
werkloosheid, een hogere BMI en een verminderde gezondheid geassocieerd waren met
een langere zittijd. Deze studie laat zien dat zitgedrag geassocieerd is met allerhande
eigenschappen die kunnen verschillen binnen verschillende domeinen, hetgeen laat zien
dat zitgedrag moeilijk aan te pakken is.
In hoofdstuk 8 hebben we het zitgedrag vergeleken tussen patiënten met hart- en
vaatziekten en gezonde leeftijdsgenoten. Ook hebben we onderzocht welke eigenschappen
geassocieerd waren met te veel zitten en wat de invloed van hartrevalidatie was op het
zitgedrag. We lieten zien dat patiënten met hart- en vaatziekten meer zaten vergeleken
met gezonde leeftijdsgenoten. Tevens vonden we dat mannelijke patiënten, alleenstaand
of gescheiden, werkend, met weinig lichaamsbeweging, een verhoogd alcohol gebruik,
woonachtig in stedelijk gebied, met andere ziekten en angst voor cardiovasculaire
complicaties een grotere kans hebben op langere zittijd. Deelname aan hartrevalidatie liet
een lichte daling in zitgedrag en een lichte stijging in licht intensieve lichaamsbeweging
zien. Deze verbeteringen in zitgedrag en lichaamsbeweging waren echter klein. Er werden
geen verbeteringen gevonden in matig tot zwaar intensieve lichaamsbeweging. Om
deze reden zijn in patiënten met hart- en vaatziekten aangepaste interventies nodig ter
vermindering van het zitgedrag en om hen meer te laten bewegen.
Deel 3 – Algemene discussie
In hoofdstuk 9 hebben we de bevindingen van dit proefschrift en inzichten van andere
studies geïntegreerd, en bediscussiëren we mogelijkheden voor toekomstig onderzoek. Op
basis van deze kennis is het belangrijk om meer te bewegen en minder te zitten voor zowel
gezonde individuen als voor personen met hart- en vaatziekten. Toekomstig onderzoek
heeft baat bij studies met objectief gemeten lichaamsbeweging en zitgedrag, en meer
studies die de effecten onderzoeken van het soort lichaamsbeweging (duursport versus
krachttraining versus de combinatie van de twee), het domein waarin activiteiten worden
verricht (vrije tijd versus op het werk) en de invloed van gezondheidsstatus op de effecten
van beweging op klinische eindpunten (primaire versus secundaire preventie). Verder blijft
het belangrijk voor onderzoekers om samen te werken en data van verschillende studies
te combineren. Deze grote hoeveelheden aan gecombineerde gegevens kunnen mogelijk
bijdragen aan een meer gepersonaliseerde aanpak om lichaamsbeweging te verhogen en
zitgedrag te verminderen.
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List of abbreviations
6MW

Six-minute walk

ACEI

Angiotensin-converting enzyme inhibitor

ARB

Angiotensin II receptor blocker;

AUC

Area under the receiver operating characteristic curve

BMI

Body mass index

CABG

Coronary artery bypass grafting

CI

Confidence intervals

CKD

Chronic kidney disease

COPD

Chronic obstructive pulmonary disease

CR

Cardiac rehabilitation

CRF

Cardiorespiratory fitness

CRT

Cardiac resynchronization therapy

CVD

Cardiovascular disease

CVRF

Cardiovascular risk factor

FAIR

Findability, Accessibility, Interoperability, and Reuse

HDL

High-density lipoprotein cholesterol

HF

Heart failure

HFrEF

Heart failure with a reduced ejection fraction

HFprEF

Heart failure with a preserved ejection fraction

HIT

High-intensity training

HR

Hazard ratios

LVEF

Left ventricular ejection fraction

ICC

Intra correlation coefficients

ICD

Implantable cardioverter-defibrillator

IQR

Interquartile range

KDIGO

Kidney Disease: Improving Global Outcomes

MACE

Major cardiovascular events

MET

Metabolic Equivalent of Task

MIT

Moderate-intensity training

MVPA

Moderate to vigorous intensity physical activity

Na

Not applicable

NSTEMI

Non-ST-elevation myocardial infarction

NYHA

New York Heart Association

O2

Oxygen

OR

Odds ratio

PA

Physical activity

PCI

Percutaneous coronary intervention

PROPASS

Prospective Physical Activity, Sitting, and Sleep consortium
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Q

Quartile

R

Correlation coefficient estimate

RCT

Randomized clinical trials

RER

Respiratory exchange ratio

REF

Reference

RM

Repetition maximum

SB

Sedentary behaviour

SD

Standard deviation

SPPB

Short physical performance battery

STEMI

ST-elevation myocardial infarction

VO2-peak

Peak oxygen uptake

WHO

World Health Organization
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Data management
Data used within this thesis was collected and stored according to the Findable,
Accessible, Interoperable and Reusable (FAIR) principles1. Appropriate data management
is important for 1) knowledge discovery and innovation, 2) protecting scientific integrity
and 3) preservation and reuse of data sets. This thesis is based on results of human studies
conducted in accordance with the principles of the Declaration of Helsinki. In addition, the
local Medical Ethics Committee approved the study protocols. All participants were well
informed about the study using information letters, and where needed oral information.
Furthermore, all participants gave written informed consent prior to participation in the
study.
Data used for this PhD project is stored in a closed cabinet at the department
of Physiology (Radboudumc), at the local server of the department of Physiology
(Radboudumc), or at the servers of the Aerobics Center Longitudinal Study, Lifelines and
Statistics Netherlands (CBS). For studies performed at the Radboudumc, raw and processed
digital data are stored on the server of the department of Physiology (Radboudumc) and
backed-up daily on the local Radboudumc server. Data of the Aerobics Center Longitudinal
Study, Lifelines and Statistics Netherlands is stored following their own requirements.
Before the introduction and requirement of Castoredc data management, the processed
data is stored in encoded CSV, Microsoft Excel, and SPSS data files.
In order to share data, the privacy of the participants is warranted by use of
encrypted and unique individual participants codes. The key for identification is stored
separately from the study data and only available to the research team. In order to ensure
that data is generally accessible and interoperable, file names and data which were used
to produce the final results, were documented using applicable language for knowledge
representation. Moreover, data cleaning and analyses programs performed in SAS or R to
produce the final results are saved together with the final datasets. The data collected for
this thesis will be available for further analyses for at least 15 years. The datasets generated
and analysed are available from the corresponding author upon reasonable request.

Reference

1. Wilkinson MD, Dumontier M, Aalbersberg IJ, 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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Met dit proefschrift komt er een einde aan een zeer leerzame en uitdagende periode. Na
4 jaar hard werken ben ik dankbaar voor de leuke momenten en de uitdagingen die ik ben
aangegaan, maar zeker ook voor de leuke nationale en internationale samenwerkingen
die het werk zo bijzonder maken. Het was een mooie tijd waarvoor ik graag de mensen wil
bedanken die dit mogelijk hebben gemaakt.
Allereerst wil ik alle deelnemers bedanken die hebben meegedaan aan de verschillende
onderzoeken. Zonder jullie betrokkenheid, energie en tijd had het onderzoek niet
uitgevoerd kunnen worden. Ontzettend bedankt!
Thijs, zes jaar geleden kwamen we elkaar voor het eerst tegen. Vanaf dat moment verliep
onze samenwerking erg soepel. Ik hielp mee bij de dataverzameling van de Nijmegen
Exercise Study en jij hielp mij om mijn eerste wetenschappelijke artikelen te schrijven.
Ik was dan ook erg blij dat ik twee jaar later als promovendus bij de afdeling Fysiologie
mocht starten. Over die hele periode heb je mij met veel positieve en motiverende energie
begeleid en geholpen om van bachelor student door te groeien naar een (bijna) postdoc.
Ik heb ontzettend veel dingen van je geleerd en ik leer nog elke dag van je. Ook kon ik
altijd even binnenlopen als ik iets wilde bespreken. Gelukkig maak je naast je werk ook
tijd vrij om successen te vieren met een borrel in de Aesculaaf of tijdens de Vierdaagse
en tijdens congressen, zoals met een baseballwedstrijd in Boston en een ritje naar Ames
om een internationale collega op te zoeken. Dank voor jouw belangrijke bijdrage aan mijn
proefschrift en mijn persoonlijke ontwikkeling!
Dick, vanaf het begin van mijn promotie waren we samen met Thijs een team. Jij vanuit
de fysiologie, ik vanuit de epi. Dit leidde nog wel eens tot verschillende invalshoeken
ten aanzien van het onderzoek, maar ik ben heel blij dat je me hebt gesteund om mijn
eigen weg te gaan. Ook op feedback hoefde ik nooit lang te wachten. Als ik blij was dat
een manuscript weer even van mijn bordje was verdwenen, kreeg ik razendsnel weer een
mailtje met jouw feedback en kon ik weer aan de slag . Bedankt voor de mooie duale
PhD in samenwerking met Liverpool die je voor mij hebt gecreëerd, voor jouw tips en tricks
en jouw aanstekelijke passie voor het onderzoek.
Maria, ondanks dat een groot deel van mijn onderzoek en data analyses wat verder weg
lagen van jouw expertise, heb je mij altijd gesteund om verder te gaan in de epidemiologie.
In onze gesprekken keek je kritisch mee naar mijn onderzoek, maar probeerde je ook om
mij als persoon verder te helpen in mijn professionele ontwikkeling en (wetenschappelijke)
carrière. Bedankt voor je motivatie, openheid, steun en enthousiasme.
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Eline, we begonnen ongeveer tegelijk en waren voor het eerste jaar kamergenoten. Je
werkte hard en alles liep bij jou op rolletjes, omdat je alles tot in de puntjes had voorbereid.
Ook kon ik bij jou terecht om even te kletsen, zo maar voor de gezelligheid of om te
sparren. Gelukkig zien we elkaar nog een tijdje op de afdeling. Jouw traject lijkt langer
te duren, maar voor je het weet ben jij gepromoveerd EN huisarts! Lisa, al snel kwam
je mij en Eline op de kamer gezelschap houden. Naast de gezelligheid en de goede
gesprekken hebben we ook een onderzoeksproject en onderwijstaken samen uitgevoerd.
Jouw kritische vragen en nauwkeurigheid hielden mij altijd scherp. Yannick, de fanatieke
hockeyer van de afdeling! Naast de vele metingen van thermo Tokyo, stond je avond aan
avond op het hockeyveld om daar nog een paar uurtjes te knallen. Naast het harde werken,
ben je altijd in voor gezelligheid en een goede grap.
Yvonne, de harde werkster. Het is knap hoeveel metingen jij hebt uitgevoerd op 2 m2,
waarbij de deelnemers en studenten ook nog eens erg op jou gesteld waren. Ook onze reis
naar Denver met Coen en Vincent is er een om niet te vergeten! Hugo, je staat altijd klaar
om een van de collega’s een handje te helpen. Ondertussen heb je de afdeling ingeruild
voor een baan bij de HAN als docent. Ik denk dat de studenten daar heel blij mogen
zijn met jouw kennis, kunde, en hulp! Carlijn, mijn buddy van het ActivPAL script. We
hebben oneindig veel uren zitten programmeren en gezocht naar oplossingen voor de
foutmeldingen in SAS. Ondanks de frustraties vond ik het altijd gezellig en konden we veel
van elkaar leren! Ook zijn we beide erg blij met een goede cappuccino, dus we liepen vaak
in de pauze even naar de koffiebar. Merle, gelukkig ben je na je stage bij Thijs, Martijn en
mij nog even blijven hangen op de afdeling. Heel veel succes met je promotieonderzoek
en leuk dat we nog wat projectjes delen. Femke, na je stage bij de MARC-2 studie bleef je
nog een jaartje hangen. Helaas gooide Corona roet in het eten en kon je minder metingen
uitvoeren dan gehoopt. Gelukkig maak je nu een flinke inhaalslag. Succes en hopelijk zien
we je later nog terug in het onderzoek.
Lando! Jij hebt een belangrijk bijdrage geleverd aan mijn werkplezier op de afdeling. Ik
kon altijd even bij je binnenlopen voor een praatje over de goede dingen, de frustraties,
of gewoon om te luisteren naar één van je fantastische (en misschien lichtelijk overdreven)
verhalen. Voor Corona gingen we (bijna) elke vrijdag met andere collega’s de week afsluiten
met een drankje in de Aesculaaf, want dat hadden we zeker verdiend na al dat harde
werken! Hopelijk kunnen we deze traditie snel voortzetten. Succes met de laatste loodjes van
jouw promotietraject en hopelijk kun je daarna snel starten met de opleiding! Cindy, mijn
voorbeeldsporter en inspiratiebron voor nieuwe salades. Op drie plekken tegelijk werken
is niet altijd gemakkelijk, maar nog even en dan zit jouw promotie er ook op! Succes bij de
HAN en hopelijk komen we elkaar nog vaak tegen. Vrolijke Thijs ‘Sparkle’, eindelijk kun je
nu aan de slag met de studie waar het in jouw promotietraject om draait. Heel veel succes!
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Ralf, nog niet zo heel lang bij ons de afdeling maar je bent gelijk rap begonnen. Succes

met de huidige en toekomstige projecten! Jenske, de technisch geneeskundige van de
afdeling! Je werkt hard om alle metingen in de verschillende ziekenhuizen uit te voeren.
Ook ben je altijd in voor een gezellig praatje of een leuke activiteit. Succes met de laatste
deelnemers, voor je het weet zitten de metingen erop en heb je een prachtig boekje!
Bram, toen je startte met je promotieonderzoek was ik erg benieuwd hoe onze
samenwerking zou lopen. Maar ik vond het reuze gezellig, je bent altijd vrolijk en als er iets
moet gebeuren ‘regel jij het wel even’. Je bent van alle markten thuis; ik kon vakinhoudelijke
vragen stellen over de klinische praktijk en de patiëntenzorg, maar ook over hele andere
dingen zoals welke breekhamer we moesten gebruiken tijdens het klussen. Ik heb veel
plezier beleefd aan onze bezoekjes aan het Rijnstate, JBZ en tijdens de ActivPAL rondes.
Veel succes met het afronden van het SITLESS project en hopelijk kun je dan snel met je
opleiding beginnen! Thijs L, maatje van de vrijdagmiddagborrel en altijd in om even te
pauzeren. Bedankt voor de gezelligheid en de droge humor. Geert, mijn Liverpool buddy.
Nog heel even en dan zit je PhD traject erop, in tegenstelling tot de meesten van ons heb
jij je proefschrift netjes in drie jaar afgerond. Nu nog de laatste de loodjes en dan beginnen
met de opleiding. Heel veel succes! Malou, ook al ben je ondertussen naar een andere
kamer verhuisd, voor mij ben je nog steeds de queen of the mancave. Bedankt voor de
gezelligheid en humor tijdens Sinterklaas, met de kerstquiz en het mancave magazine.
Coen, met jou heb ik weinig onderzoeksprojecten gedeeld, maar wel een aantal hele leuke
reisjes. Een bezoek aan de Rockies en een biertje op Sydney Harbour zijn momenten die ik
niet snel zal vergeten! Veel geluk gewenst met de geboorte van Sepp en jullie gezinnetje.
Bregina, we horen jouw gezellige lach over de hele afdeling. Bedankt dat ik altijd even
langs kon komen voor uitleg over een meting of suggesties hoe ik de dataverzameling
logistiek zou kunnen aanpakken. Rebecca, ook al loop je niet meer rond op de afdeling,
we komen elkaar gelukkig nog af en toe even tegen. Succes met het afronden van jouw
promotieonderzoek en de opleiding tot specialist! Paul, bedankt voor de hulp tijdens het

onderwijs en de tips en tricks om een betere docent te worden. Laurien, in Coronatijd
beginnen bij ons op de afdeling lijkt me lastig, maar met jouw gezelligheid leek het alsof
je snel alle mensen op de afdeling had leren kennen. Leuk dat we aan de zijlijn een project
samen delen. Succes met het opstarten van jouw onderzoek op de afdeling. Laween, we
kennen elkaar nog niet zo lang, maar we zitten in de dezelfde fase van onze carrière. Ik ben
blij dat je onze afdeling bent komen versterken met je gezelligheid en met een nieuwe
interessante onderzoeksrichting. Ik hoop dat we nog veel van elkaar kunnen leren.
Daria, Virginia, and colleagues of the tower, thank you all for the great atmosphere at our
department and the fun during department-related activities.
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Thijs K, Iris, Isa, Stephanie en Bibi, welkom op de afdeling en veel succes gewenst tijdens
jullie promotietrajecten.
Ook zijn er nog een aantal oud collega’s die ik graag wil bedanken. Anke, ik heb veel
plezier beleefd aan onze goede gesprekken, borrels in de Aesculaaf en aan de gezellige
etentjes. Bedankt voor je hulp aan het begin van mijn promotieonderzoek. Ook al ben
je niet meer op de afdeling, ik ben blij dat we nog contact hebben. Veel geluk met jullie
dochter Lotte en plezier in deze nieuwe fase van het leven! Martijn, het doet nog steeds
een beetje pijn dat je bent vertrokken naar VGZ, maar volgens mij heb je het daar erg
naar je zin. Bij de start van mijn promotie was ik erg blij om met je te sparren en de
mogelijkheden van de ‘grote’ datasets en nieuwe statistische technieken te bespreken.
Gelukkig kunnen we blijven samenwerken en hebben we een aantal mooie projecten in
het vooruitzicht. Dominique, ik vond het erg leuk om met jou samen te werken als we
weer met de NES aan de slag gingen. Ook was je degene die mij in de pauze achter de
computer vandaan kreeg om een rondje te wandelen. Bedankt voor de gezelligheid die
je uitstraalde over de afdeling. Pascale, bedankt voor gezellige gesprekken en de goede

suggesties voor restaurants en wijn. Joep, Renée, Silvie en Thessa, bedankt voor jullie
gezelligheid op de afdeling!
Bij mijn onderzoeksprojecten heb ik assistentie gehad van een aantal studenten. Angeliek,

Carsten, Eline, Eveline, Femke, Gerard, Ilse, Marie, Marie-Cecile, Martijn, Merel, Merle,
Nadeem, Paul en Yuehan, bedankt voor alle hulp en succes met jullie verdere carrière!

DC, Thank you very much for all the advice that you gave me over the past 5 years. Although
you work on the other side of the ocean, you have always provided me with good tips and
tricks about work, analyses and all other stuff related to research. I enjoyed my stay in Ames
a lot, but also the time when you came to visit Nijmegen with Soojee and Boa. I hope we
can continue to work together. André, bedankt voor je hulp bij het opstarten van mijn
eerste onderzoeken binnen de epidemiologie en leuk dat we af en toe aan de zijlijn nog
wat projecten samen uitvoeren.
Melina en Pauline bedankt voor jullie rol als paranimfen. Steven, na het prachtige boekje
van Vincent wilde ik natuurlijk ook zo’n mooi boekje. Bedankt voor al het werk dat je
daarvoor hebt verricht!

Wim en Patricia, bedankt voor jullie betrokkenheid, de goede gesprekken en support in
de afgelopen jaren!

Dankwoord

305

Claudia, bedankt voor de gezellig tripjes die we hebben gemaakt in de afgelopen jaren.
Dagjes Groningen, Nijmegen, Berlijn of tegenwoordig naar het Twentse landschap, maar
ook de mooie verre reizen die we met pap en mam hebben gemaakt. Samen met Mathijs
ben je in de buurt van Almelo gaan wonen, gelukkig iets dichterbij dan Groningen. Claudia
en Mathijs bedankt voor de gezelligheid!

Papa, bedankt voor alle support en luisterend oor van de afgelopen jaren (en daarvoor).
Jij hebt mij tijdens mijn studententijd en promotie voorzien van oneindig veel bakjes met
pastasaus, stamppot, bonbons, lekkere broodjes en nog veel meer. Veel weekenden kwam
ik voor de gezelligheid naar huis en ging ik elke zondag met tassen vol met eten weer
richting Nijmegen. Maar naast de bakjes had je ook altijd tijd om te bellen, mee te denken,
te luisteren of kwam je even langs om te helpen met klusjes in mijn oude studentenkamer,
appartement en ons nieuwe huis.
Mama, bedankt voor de belangrijke ondersteuning, luisterend oor en adviezen in de
afgelopen jaren. Stiekem bel ik je best vaak om even te vragen wat ik nu het beste kan doen
of om even te overleggen. Ook jij hebt mij jaren voorzien van veel gezelligheid en lekker
eten. Ik geniet erg van ons vaste boodschappen rondje door Amsterdam, samen lekkere
dingen koken en de wandelingen over de hei. We zitten beide in de epidemiologie, maar
ondanks dat hebben we het niet vaak over ons werk. Wel vond ik het heel leuk om richting
het einde van mijn promotie samen een artikel te schrijven.
Vincent, jij stimuleert mij om het beste in mijzelf naar boven te halen zowel thuis, tijdens
het sporten, als op het werk. Maar je stimuleert me ook om wat meer te ontspannen, te
reflecteren, te genieten en af en toe even een rustpauze in te lassen. Ik ben heel blij dat we
alles samen kunnen bespreken en dat we samen erg kunnen genieten van mooie reizen,
natuur en steeds meer van de kleine dingen in het leven. Ik hoop dat we binnenkort verder
de wereld kunnen ontdekken, maar eerst gaan we genieten van ons nieuwe avontuur
dichtbij, ons nieuwe huis.
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DHJ, Eijsvogels TMH. Cardiovascular health status alters the dose-response relationship
between moderate to vigorous physical activity and incident morbidity and mortality
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Lefferts EC, Bakker EA, Carbone S, Lavie CJ, Lee DC. Associations of total and aerobic steps
with the prevalence and incidence of frailty in older adults with hypertension. Submitted
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H, Thijssen DHJ. Association between sedentary time and cognitive function: a focus on
different domains of sedentary behaviour. Submitted
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MTE. Impact of Dutch COVID-19 restrictive policy measures on physical activity behavior
and identification of subgroups that are affected most: a cohort study. Submitted

10

Chapter 10

Summary
Nederlandse samenvatting
List of abbreviations
Data management
Dankwoord
List of publications
Curriculum vitae
RIHS PhD portfolio

Curriculum vitae

315

Curriculum Vitae
Esmée Alexandra Bakker werd geboren op 30
december 1992 te Amsterdam. In 2011 behaalde
zij haar VWO diploma aan het Damstede college
in Amsterdam, waarna zij begon met de opleiding
Biomedische Wetenschappen aan de Radboud
Universiteit Nijmegen. In 2014 startte Esmée haar
eerste onderzoeksstage bij prof. André Verbeek op
de afdeling Health Evidence van het Radboudumc.
Na het behalen van haar bachelor diploma in
2014, startte zij haar master opleiding Biomedical
Sciences aan de Radboud Universiteit Nijmegen met als hoofdvak Epidemiologie. Tijdens
haar master heeft ze twee onderzoeksstages van 6 maanden uitgevoerd, waarvan één op
de afdeling Fysiologie van het Radboudumc onder begeleiding van dr. Thijs Eijsvogels
en prof. Dick Thijssen, en een andere aan de Iowa State University in de Verenigde
Staten onder begeleiding van dr. Duck-chul Lee. Tijdens haar master heeft Esmée extra
onderzoekservaring opgedaan bij de Nijmegen Exercise Study van de afdeling Fysiologie.
Na het afronden van haar master in 2016 is Esmée gestart met haar duale
promotieonderzoek aan het Radboudumc en aan de Liverpool John Moores University
in het Verenigd Koninkrijk. Voor de uitvoering van haar promotieonderzoek heeft zij
samengewerkt met onderzoekers en clinici in Nederland (Arnhem, Den Bosch, Groningen
en Zwolle) en het buitenland (Australië, Verenigd Koninkrijk en Verenigde Staten). Daarnaast
heeft Esmée studenten begeleid bij hun wetenschappelijke stages en heeft zij bestuurlijke
ervaring opgedaan als lid van de PhD Organisatie Nijmegen. Het werk beschreven in dit
proefschrift is gepresenteerd op verschillende internationale congressen en is verschenen
in de media (o.a. de Gelderlander en de radiozenders Radio 538 en FunX). Momenteel
werkt Esmée als postdoc onderzoeker bij de afdeling Fysiologie en zal zij binnenkort een
bezoek brengen aan de Norwegian University of Science and Technology in Trondheim
dankzij het Christine Mohrmann Stipendium dat zij in 2019 van de Radboud Universiteit
heeft mogen ontvangen.
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RIHS PhD Portfolio
Name PhD student: Esmée A. Bakker
Department: Physiology
Graduate School:
Radboud Institute for Health Sciences
Liverpool John Moores University

PhD period: 03-10-2016 to 31-07-2020
Promotor(s):
Prof. Dick Thijssen, Prof Maria Hopman
Co-promotor(s):
Dr. Thijs Eijsvogels, Dr. Paula Watson
Year(s)

ECTS

2019-2020

6.0

2020
2019
2019
2019
2018

1.0
1.5
1.0
1.0
1.5

2018
2018

1.5
1.0

2018
2018
2017

3.0
1.0
0.6

2017
2017
2017

1.5
0.3
1.0

2017

1.0

2017
2017
2017

2.0
1.0
1.0

2016
2016
2016
2016
2016

0.1
0.3
0.3
1.0
0.1

2017

0.1

2017

0.1

2017

0.1

2019
2019

0.3
2.1

2018
2018

0.5
1.6

2018

0.1

TRAINING ACTIVITIES

a) Courses & Workshops
- Artificial Intelligence for Health, Radboudumc and Jheronimus
Academy of Data Science
- Journal Club, 13 sessions on ‘Prediction models’, Radboudumc
- Gevorderde Epidemiologische Methoden, LUMC
- Journal Club, 13 sessions on ‘History of Epidemiology’, Radboudumc
- Journal Club, 13 sessions on ‘Systematic Reviews’, Radboudumc
- 9th Physical Activity Measurement Seminar 2018, Cambridge
University
- Big Data in Health Sciences, Utrecht University
- Journal Club, 13 sessions on 'Randomized Clinical Trails',
Radboudumc
- Longitudinal data analyses. VUmc
- Scientific Integrity. Radboudumc
- 3 I's - Information, Ideas & Insights (Teaching course), Liverpool John
Moores University
- Good Clinical Practice (BROK), POA - Heyendeal
- lntroduction to R, Radboudumc
- Journal Club, 13 sessions on 'Modern Epidemiology - Part 1',
Radboudumc
- Journal Club, 13 sessions on 'Modern Epidemiology - Part 2',
Radboudumc
- Management voor promovendi, Radboud University
- Missing data: consequences and solutions, VUmc
- Radboud Institute for Health Sciences Introduction Course for PhD
candidates, Radboudumc
- How to Sell your Science? Radboudumc
- Induction course, Liverpool John Moores University
- Introduction course, Radboudumc
- Journal Club, 13 sessions on 'Public Health', Radboudumc
- Pubmed II cursus, Radboud University
b) Seminars & lectures
- Guest Lecture Prof. Bo Fernhall - Inflammation, exercise and arterial
function
- Guest Lecture Prof. Jim Skinner - The influence of genetic factors on
training and health
- Guest Lecture Dr. Duck-chul Lee - Health benefits of physical activity
& fitness: What type of physical activity is best for health?
c) Symposia & congresses
VvE Symposium - Big Data 2019, Utrecht
American College of Sports Medicine – Annual meeting 2019, Orlando.
Invited lecture and poster presentation
Symposium - Power of physical activity, Isala Clinic. Invited lecture.
American College of Sports Medicine – Annual meeting 2018,
Minneapolis. Poster presentation
VvE Symposium - Your Epidemiological Career Your Future 2018,
Amsterdam.

-
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c) Symposia & congresses
- Cardiovascular Symposium, Liverpool John Moores University. Oral
presentation.
- WEON 2017, Antwerp. Poster presentation.
- Pre-conference WEON 2017 - College tour: A glimpse into the future
of epidemiology, Antwerp.
- American College of Sports Medicine – Annual meeting 2017, Denver.
Poster presentation
d) Other
- Vascular Damage meetings
- Radboud Research Rounds
- RIHS weekend van de wetenschap, Minicollege. Invited lecture
- RIHS weekend van de wetenschap, Kinderuniversiteit. Invited lecture
- Development of educational material for primary school children
titled “Sporten is gezond, toch?”
- Board member PhD Organisation Nijmegen

2017

0.8

2017
2017

1.0
0.1

2017

1.6

2016-2020
2016-2020
2019
2019
2019

0.5
0.5
0.5
0.5
1.0

2017-2019

3.0

2016-2019

6.5

2017-2019
2018

0.3
1.0

2020

1.7

2020

1.7

2020

1.7

2020

1.3

2019

2.7

2019

1.7

2019

1.7

2018

1.0

2018

1.0

2018

1.3

2018

1.7

2017

1.3

2017

1.3

TEACHING ACTIVITIES

e) Lecturing
- Teaching Biomedical Sciences and Medicine commitments: Clinical
Exercise Physiology, Moving Questions, Evidence Based Practice and
Integrative Physiology (practical training and supervision of groups
assignments)
- Meet the PhD, Biomedical Sciences and Medicine
- Innovation project second year students, Biomedical Sciences and
Medicine
f) Supervision internships
- Marie Klok, Master Medicine - Investigating the extent to which
health status causes differences in self-reported and objectively
measured sedentary behaviour and physical activity.
- Martijn Kousemaker, Master Biomedical Sciences - Predicting allcause mortality after multidisciplinary cardiac rehabilitation in The
Netherlands
- Femke Janssen, Master Biomedical Sciences - Multidimensional
physical activity patterns in individuals with cardiovascular disease
pre- and post-cardiac rehabilitation
- Eveline Mols, Bachelor Biomedical Sciences - Validity of the
Sedentary Behaviour Questionnaire for Cardiovascular Disease
Patients
- Eline Oymans, Master Biomedical Sciences – The impact of health
status on the dose-response relationship between physical activity
and incident major cardiovascular events
- Merle Schoofs, Master Biomedical Sciences – Optimizing cardiac
rehabilitation health benefits using big data from a Dutch health
insurance company
- Carsten van Rossum, Master Biomedical Sciences - Incidence of
sudden death of amateur athletes before, during and after massparticipation running races
- Angeliek Tran, Master Medicine - Changes in sedentary behaviour
during cardiac rehabilitation
- Gerard van Roestel, Master Medicine - Sedentary Behaviour in
Cardiovascular Patients and Healthy Controls
- Marie-Cecile Stomphorst, Bachelor Biology - The difference in
sedentary behaviour characteristics between cardiac patients and
age- and sex-matched controls.
- Paul Meijer, Master Biomedical Sciences - Determinants of sedentary
behaviour in cardiac patients
- Ilse Kouwert, Bachelor Biomedical Sciences - External Validation and
Comparison of Two Prognostic Scores to Stratify Dutch Patients with
Heart Failure before and after Cardiac Rehabilitation
- Merel Cornelissen, Bachelor Biomedical Sciences - Stand up against
sitting: differences in sedentary behaviour between CVD patients and
healthy controls.

RIHS PhD portfolio
g) Supervision literature thesis
- Yuehan Wang, Master Biomedical Sciences - Should cardiovascular
patients move more or sit less?
- Merel Cornelissen, Master Biomedical Sciences - Telerehabilitation:
Tool or toy?
- Merle Schoofs, Master Biomedical Sciences - Relation between built
environment and walking and cycling behaviour in adults in the
Netherlands
- Femke Janssen, Master Biomedical Sciences - Benefits of aerobic,
resistance and a combination of both exercise types in cardiovascular
disease patients: the state-of-the-art
Total

321

2018

0.3

2018

0.3

2019

0.3

2019

0.3

72.2
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