
 

 

 University of Groningen

Physical activity and cardiometabolic health
Byambasukh, Oyuntugs

DOI:
10.33612/diss.112903501

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Byambasukh, O. (2020). Physical activity and cardiometabolic health: Focus on domain-specific
associations of physical activity over the life course. [Thesis fully internal (DIV), University of Groningen].
University of Groningen. https://doi.org/10.33612/diss.112903501

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.112903501
https://research.rug.nl/en/publications/cdeb1cbc-43cc-4835-b9b8-648306282fe9
https://doi.org/10.33612/diss.112903501


PHYSICAL ACTIVITY AND CARDIOMETABOLIC HEALTH 
Focus on domain-specific associations of physical activity over the life course 

Oyuntugs Byambasukh 



The work was funded by Mongolian State Training Fund and Groningen 
University Institute for Drug Exploration (GUIDE), Graduate School of Medical 
Sciences. The printing of this thesis was financially supported by the University 
of Groningen, University Medical Center Groningen, GUIDE, and the Netherlands 
Association for the Study of Obesity.
The author gratefully acknowledges the financial support for printing of this thesis by: 
Centre for East Asian Studies Groningen (CEASG) and Monfa Trade Co., Ltd.  

PHYSICAL ACTIVITY AND CARDIOMETABOLIC HEALTH 
Focus on domain-specific associations of physical activity over the life course 
Thesis, University of Groningen, the Netherlands 

Author: Oyuntugs Byambasukh   
Lay-out: Batbold Boldbaatar 
Printing: Ridderprint BV – www.ridderprint.nl 
ISBN: (printed) 

(eBook) 

Copyright © Oyuntugs Byambasukh, Groningen 2020. 
All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, 
or transmitted in any form or by any means mechanically, by photocopying, recording or 
otherwise, without the written permission of the author. 

The research described in this thesis was performed at the Cardiovascular Regenerative 
Medicine laboratory at the Department of Pathology and Medical Biology in University 
Medical Center Groningen. The work was funded by Mongolian State Training Fund and 
Groningen University Institute for Drug Exploration (GUIDE), Graduate School of Medical 
Sciences. 

The author gratefully acknowledges the inancial support for printing of this thesis by: 
The Graduate School of Medical Sciences and Centre for East Asian Studies Groningen 
(CEASG).

ISBN: 978-94-034-0756-2 (printer version)
ISBN: 978-94-034-0755-5 (digital version)

Front cover design: Viktoriia Starokozhko &  Byambasuren Vanchin
Layout design: Byambasuren Vanchin
Printed by: Gildeprint, Enschede, The Netherlands

© Copyright 2018 Byambasuren Vanchin

All right reserved. No parts of this publication may be reproduced, stored on retrieval 
system, or transmitted in any form or by any means, without the permission of the author. 

The research described in this thesis was performed at the Cardiovascular Regenerative 
Medicine laboratory at the Department of Pathology and Medical Biology in University 
Medical Center Groningen. The work was funded by Mongolian State Training Fund and 
Groningen University Institute for Drug Exploration (GUIDE), Graduate School of Medical 
Sciences. 

The author gratefully acknowledges the inancial support for printing of this thesis by: 
The Graduate School of Medical Sciences and Centre for East Asian Studies Groningen 
(CEASG).

ISBN: 978-94-034-0756-2 (printer version)
ISBN: 978-94-034-0755-5 (digital version)

Front cover design: Viktoriia Starokozhko &  Byambasuren Vanchin
Layout design: Byambasuren Vanchin
Printed by: Gildeprint, Enschede, The Netherlands

© Copyright 2018 Byambasuren Vanchin

All right reserved. No parts of this publication may be reproduced, stored on retrieval 
system, or transmitted in any form or by any means, without the permission of the author. 

978-94-034-2407-1 (ebook)
978-94-034-2406-4 (printed)



 
 
 
 
 
 

Physical activity and 
cardiometabolic health 

 
Focus on domain-specific associations of physical activity over 

the life course 
 
 
 
 
 

PhD thesis 
 
 
 
 
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. C. Wijmenga 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on  
 

Monday 17 February 2020  at 12.45 hours 
 
 
 

by 
 
 
 

Oyuntugs Byambasukh 
 

born on 8 January 1984 
in Ulaanbaatar, Mongolia 

  



Supervisors 
Dr. ir. E. Corpeleijn  

Prof. S.J.L. Bakker  

 
 
 
Assessment Committee 
Prof. R. Dekker  

Prof. U. Bultmann  

Prof. M. Visser  

 
 



Paranymphs 
E.B.Lamé 
 

For my parents 
(Хайрт аав, ээждээ) 

P.C.Vinke



 
 
 
  



CONTENTS  
 
 
Chapter 1 General introduction  

 
9  

Chapter 2 Physical activity, fatty liver, and glucose metabolism over 
the life course: The Lifelines Cohort 
American Journal of Gastroenterology. 2019;114(6):907-915. 
 

23 

Chapter 3 The relation between leisure time, commuting and 
occupational physical activity with blood pressure in 
125,402 adults: The Lifelines cohort 
Journal of The American Heart Association 2019;8:e014313  
 

49 

Chapter 4 Physical activity and 4-year changes in body weight in 
52,498 non-obese people: the Lifelines cohort 
Under review  
 

75 

Chapter 5 Physical activity and the development of post-transplant 
diabetes and cardiovascular and all-cause mortality in 
renal transplant recipients 
Under review  
 

101 

Chapter 6 Body Fat Estimates from Bioelectrical Impedance 
Equations in Cardiovascular Risk Assessment: the 
PREVEND Cohort Study. 
European Journal of Preventive Cardiology. 2019;26(9):905-916. 
 

123 

Chapter 7 The Lifelines physical activity score: revising data 
processing of the SQUASH questionnaire 
 

155 

Chapter 8 General discussion and conclusions 
 

181 

Chapter 9 Summary 
 

201 

 Nederlandse samenvatting 
 

207 

 Mongolian-language summary 
 

211 

 Acknowledgements 
 

215 

 About the author 
 

221 

 Abbreviations  224 



8 



CHAPTER
General introduction

1



10 



1

General introduction

11
11 

BACKGROUND INFORMATION AND RESEARCH NEEDS 

Cardiometabolic risk factors 
The epidemic proportions of non-communicable diseases and health outcomes, such 
as type 2 diabetes, ischemic heart disease, heart attacks, and strokes continue to be 
major health concerns worldwide [1-3]. Type 2 diabetes is recognized as the fastest 
growing chronic health condition, globally, as evidenced by the fact that the global 
prevalence of adult diabetics adults over 18 years of age rose from 4.7% in 1980 to 
8.5% in 2014 [1]. Cardiovascular disease (CVD) is responsible for one-third of all 
deaths worldwide. It has been estimated that 17.9 million people died from CVD in 
2016, with 85% of these deaths attributed to heart attacks and strokes [2]. One of 
the underlying reasons for this increase in CVD at a global scale is the prevalence of 
obesity, which nearly tripled between 1975 and 2016 [3]. Obesity is considered a 
major cause of non-communicable diseases, and abdominal obesity, in particular, is 
associated with cardiometabolic risk factors and with an underlying condition of 
insulin resistance (IR) [4]. Specifically, IR is recognized as a key pathophysiological 
process in the development of cardiometabolic risk factors that leads to the 
development of non-communicable diseases [5]. Moreover, IR often coexists with 
other metabolic dysfunctions, including dyslipidemia, raised blood pressure (BP), and 
chronic low-grade inflammation (Figure 1). This cluster of factors is known as 
insulin resistance syndrome or metabolic syndrome [4-5].  

Figure 1. Links between insulin resistance and other cardiometabolic risk factors [5]. 
Note: Reprinted with permission from: Kahn R: Is the metabolic syndrome a real syndrome? Circulation 
2007;115:1806–1810. BP, blood pressure; LDL, low-density lipoprotein; ApoB, apolipoprotein B; HDL, high-
density lipoprotein. 
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IR is defined as the reduced ability of insulin to stimulate glucose uptake in 
peripheral tissues, mainly skeletal muscle [6]. Over time, IR causes impaired glucose 
metabolism, which, in combination with a lack of compensatory beta-cell function, 
can induce type 2 diabetes [6]. The linkages between IR and other metabolic 
dysfunctions also give rise to non-communicable diseases other than type 2 diabetes 
[4, 7-8]. For instance, IR, when linked to impaired lipid metabolism, is a causative 
factor in the development of non-alcoholic fatty liver disease (NAFLD) [7]. This 
condition is a precursor of other pathological conditions of the liver, including 
steatohepatitis, fibrosis, liver cirrhosis, liver failure, or hepatocellular carcinoma [9]. 
NAFLD has emerged, globally as a major cause of liver disease [10]. The increasing 
prevalence of NAFLD contributes to the burden of liver transplantations [11]. 
Furthermore, NAFLD is associated with the presence of type 2 diabetes and CVD [7, 
10, 12-13]; its incidence in individuals with type 2 diabetes is estimated to be around 
70% [12]. Advanced fibrosis associated with NAFLD is not only predictive of liver-
related mortality but also of increased mortality resulting from cardiovascular events 
[13]. Because NAFLD is frequently associated with abdominal obesity, dyslipidemia, 
and insulin resistance, it is also considered a component of metabolic syndrome 
which is also known as cardiometabolic syndrome [14]. Hypertension, which often 
coexists with IR and obesity, is another important cardiometabolic risk factor [2, 4-
5]. The link between IR and raised BP also contributes to the development of CVD 
and other chronic diseases, including chronic kidney disease [8].  

In this thesis, we will focus on several of the above-mentioned cardiometabolic 
risk factors. Table 1 presents a summary of commonly used definitions of these risk 
factors and the health burdens associated with them. 

Table 1. Definitions of cardiometabolic risk factors under investigation in this thesis 
along with associated health burdens. 
Condition Definition and health burden 
Obesity  Overweight is defined as a body mass index (BMI) ranging between 25.0 and

29.9, and obesity as a BMI ≥ 30 kg/m2 [3].
 In 2016, the global prevalence rates of overweight and obesity among adults

were 39% and 13%, respectively [3].
Non-alcoholic 
fatty liver 
disease 
(NAFLD) 

 NAFLD is characterized by increased hepatic triglyceride accumulation (> 5% of
total liver weight) [9].

 NAFLD is the most common type of liver disease and has become highly
prevalent globally, affecting approximately 25% of the general population [10].

Hypertension  Hypertension is defined as systolic BP ≥140 mm Hg and/or diastolic BP ≥ 90
mm Hg [15].

 Hypertension is one of the most common disorders within the general
population, with a lifetime risk of 90% for elderly individuals [16].

 The overall prevalence of high blood pressure within the general population is
40% [2].



1

General introduction

13
13 

Potential health benefits of physical activity 
The health benefits of physical activity have been known since ancient times. 
Hippocrates is reported to have said that ‘Eating alone will not keep a man well; he 
must also take exercise […] to produce health’ [17]. It has been established that the 
beneficial effects of physical activity on health can reduce the risks of developing a 
chronic disease. This has been described for more than 25 chronic medical 
conditions, with risk reductions amounting to at least 20–30% [18]. Physical activity 
(PA) is also highly recommended in the treatment of established chronic diseases, 
including diabetes, obesity, and cardiovascular diseases [15, 19-20].  

Existing studies have mostly focused on leisure-time PA or on exercise and 
sports, but only a few studies have considered a wider spectrum of physical activities 
performed in daily life [21-27]. Therefore, to explore the potential benefits of 
physical activity on health, it is essential to evaluate these benefits across different 
types and domains of activities performed within daily-life routines. Such habitual 
physical activities conducted in daily life, and their domains, are briefly introduced in 
the context of existing recommendations relating to PA in the following section.  

Definition of physical activity and recommendations for physical activity  
Physical activity is defined as ‘any bodily movement produced by skeletal muscles 
requiring energy expenditure above a basal level’ [28]. Exercise, which is a 
structured subset of PA, entails planned and repetitive bodily movements, often with 
the objective of maintaining or improving health and performance [28-29]. Habitual 
PA is the sum of all of the activities performed by individuals in their daily lives [28]. 
It can be characterized in terms of several dimensions, including intensity, duration, 
frequency, type, and context [28-31].  

Intensity: The absolute intensity of habitual PA is expressed in metabolic 
equivalent task (MET) values. One MET, which is defined as the amount of energy 
consumed while sitting at rest, is associated with the consumption, on average, of 
3.5 ml of oxygen per kg of body weight per minute (1 kCal/kg of body weight/hour) 
[32]. Absolute intensity of PA is usually categorized according to three intervals of 
metabolic rate: knowingly light, moderate, or vigorous PA [30-31]. However, 
definitions of these intervals vary across countries. For example, in the United States, 
MET values between 3.0 and 5.9 are considered moderate and those above 6.0 are 
defined as vigorous PA [31]. Alternatively, the guidelines for Dutch physical activity 
apply age-dependent categories [33] (Table 2).  

Table 2. Categories of intensity of physical activity in the Netherlands 
Age (years) Light MET Moderate MET Vigorous MET 
18–55 <4 4–6.5 6.5 
55+ <3 3–5 5 
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Duration: The duration of PA is the length of time spent on each session of 
activity [28]. Active engagement in PA of moderate to vigorous intensity for at least 
150 minutes per week is recommended [30-31, 33-36]. If the activities have low 
MET values (light intensity), their contribution to the health benefits gained through 
PA is considered negligible [37].  

Frequency: The frequency of a repetitive PA is usually expressed as the number 
of days per week when the activity is performed [28]. 

Type: Most kinds of exercise can be categorized as aerobic or anaerobic [28-29]. 
Aerobic exercise stimulates the heart and breathing rate for a sustained period of 
time. Examples of aerobic exercises include the use of cardio machines, swimming, 
running, or cycling. Anaerobic exercises lead to rapid bursts of energy through 
activities that are typically performed for brief periods at levels entailing 
(sub)maximum effort. Examples include weight lifting, sprinting, or jumping.  

Context: Another important dimension of PA in daily life relates to its context or 
the domain of activity to which it belongs [28]. Clinical guidelines rarely specify the 
contexts in which the required amount of PA is to be achieved despite their potential 
importance [30-31, 33-36]. In this thesis, we assessed habitual PA within the 
following domains: leisure (recreational activities or sports), commuting, 
occupational, and household activities [33]. Physical activities categorized within the 
domain of leisure are performed to induce pleasure or relaxation and are not 
primarily oriented to work or household tasks. Examples of leisure activities are 
cycling, hiking, walking, and sports. Commuting entails the PA of traveling between 
the place of residence and the work or study location. Occupational activity refers to 
activities that are intentionally performed in relation to an individual’s occupation. 
Household activities encompass the duties and tasks associated with running a 
household and include cleaning, cooking, childcare, grocery shopping, and doing the 
laundry.  

The first set of clinical guidelines for physical activity introduced by the American 
College of Sports Medicine, focused largely on providing recommendations on the 
types of activities that should be performed to achieve the goal of ‘aerobic exercise, 
3 times a week for 20 minutes at each session’ [17]. Current clinical guidelines reflect 
a shift, advocating a simpler message, with a greater focus on intensity and duration 
and less focus on the type of exercise that can be either aerobic or anaerobic [30-31, 
33-36]. For instance, the Dutch guideline on PA [34] provides the following 
recommendations for adults over 18 years:  

 Moderate or vigorous activity performed for at least 150 minutes every week
and spread out over several days,

 Activities that strengthen muscles and bones (for elderly individuals this may
include balance exercises) performed least twice a week, and

 Avoidance of long periods of being seated.
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The need to study the health potential of domain-specific physical 
activities 
The health-related roles of daily-life physical activities, which encompass a variety of 
domains (e.g., occupational and non-occupational), could differ [23, 27, 39-40]. 
The inclusion of increased PA within options for improving the management 
of cardiometabolic risk factors, especially in the context of individuals’ daily-life 
routines, may be of critical importance. Previous studies have tended to focus on the 
benefits of physical activities conducted at leisure on health with the results 
obtained for other domain-specific physical activities being mixed [21-27]. A few 
studies have found that occupational physical activities provide health benefits 
[24-27, 38]. However, there is a growing body of evidence indicating that 
occupational PA has no clear health-related benefits [23, 39-40]. Lund et al. 
identified a longitudinal association between heavy occupational activity and an 
increased incidence of sickness absence [39]. The findings of a meta-analysis 
covering 13 prospective cohort studies were that occupational PA has no potential 
for reducing the risk of hypertension [23]. Larsson et al. reported a 
positive association between occupational PA and IR [40]. Furthermore, whereas 
some studies have shown that active modes of transportation (active 
commuting) are beneficial for reducing cardiometabolic risks [24, 41], others 
have not found this association [27, 42-43]. Another finding is that PA within the 
occupational and commuting domains are major contributors to the total daily-life PA 
of many adults [44-45]. However, as previously noted, it is not clear from the clinical 
guidelines whether an individual can reach the recommended level of MVPA 
through all of the different domains of daily-life activities, notably those related 
to leisure, commuting, and occupational MVPA [30- 31, 33-36]. Therefore, there is 
a need to investigate whether all domain-specific physical activities have the 
same impacts on health and on cardiometabolic risk factors.  

Sex, age, and other population-specific considerations  
In this thesis, we focus on sex, age, and other population-specific factors that could 
potentially modify the relationship between PA and cardiometabolic risk.  

Sex: Of the cardiometabolic risk factors, obesity may need to be considered 
from a sex-specific perspective, given that differences in the fat distribution of men 
and women may play different roles in increasing cardiovascular risk [46]. While CVD 
is a major cause of mortality in both men and women [47], its rate in women, 
especially younger women, is increasing [48]. Therefore, we will test the association 
between obesity and future cardiovascular events in men and women using different 
obesity measures to improve sex-specific cardiovascular predictions. In addition, we 
will estimate the potential benefits of PA in preventing body weight gain and will 
examine how this differed for men and women.  
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Age: Cardiometabolic risk is known to increase with age [16, 47]. However, it is 
unclear whether the health effects of PA become more important with increasing age 
or, conversely, whether they are outweighed by other, more important clinical factors 
(e.g., comorbidities and medication use), thereby becoming less important with 
advancing age. The role of age in risk prevention is also clearly an important public 
health issue that is related to the concept of healthy aging. Existing data suggest 
that the prevention of chronic diseases in later life begins during earlier phases of 
adult life [49]. Therefore, in this thesis, we will present age-dependent associations 
of PA in relation to cardiometabolic risk factors.  

Population-specific considerations: Evidently, age is an important factor in 
cardiometabolic health [16, 47], with the number of comorbidities increasing 
especially among older individuals. Thus, the question of whether PA potentially 
benefits individuals with chronic diseases should be explored. Consequently, we will 
investigate the role of PA in specific populations such as the general population and 
renal transplant recipients (RTRs), of which the latter have a particularly high risk of 
developing cardiometabolic diseases [50, 51]. 

AIMS AND OUTLINE OF THIS THESIS

The main objective of this thesis is to examine the associations between daily life 
MVPA and several cardiometabolic risk factors (Figure 2). A particular focus of this 
investigation is on ascertaining whether these associations depend on domains of 
daily-life PA. Because the potential health benefits of PA may change over the course 
of an individual’s life, we study whether the associations are age-dependent over the 
life course within the general population. While it is known that the incidence of 
comorbidities increases with age, there is still a knowledge gap on whether or not 
the benefits of PA persist in specific populations, such as individuals with chronic 
diseases. Therefore, we test the benefits of daily-life PA for improving long-term 
health outcomes in RTRs. Furthermore, we examine the relation between PA and 
body weight development as well as the association between the body fat and the 
development of cardiovascular diseases in men and women. 

Chapter outlines: 
In Chapter 2, we examine the potential benefits of increased daily-life PA on NAFLD 
using data from the large-scale, population-based Lifelines cohort study. We also 
examine how this association is altered in individuals with impaired glucose 
metabolism and diabetes as well as across different age groups. The potential health 
effects of PA within two domains of daily-life activity, namely non-occupational and 
occupational activity are explored in this chapter.  
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Figure 2. Depictions of the health-related associations examined in this thesis.  
Note: Blue arrows indicate the main objective of this thesis. Dotted lines indicate the other research questions 
with different colors. NAFLD, non-alcoholic fatty liver disease; CVD, cardiovascular disease;  CPA, commuting 
physical activity ; LTPA, leisure-time physical activity; OPA, occupational physical activity. 

Chapter 3 focuses on the associations of all domain-specific daily-life physical 
activities, namely commuting, leisure-related, and occupational activities, with blood 
pressure and the hypertension risk. The independent relationship of daily-life physical 
activities with blood pressure is tested using subgroups of BMI status and after 
adjusting for BMI. We also study whether the associations are age-dependent over 
the life course. 

In chapter 4, we prospectively explore the association between domain-specific 
daily-life physical activities and changes in the body weights of men and women after 
4-years of follow-up and assess whether these associations change over the life 
course within the general population. Moreover, we explore the potential benefits of 
individual daily-life physical activities within the non-occupational domain, namely 
cycling, walking, sports, and odd jobs.  

Chapter 5 presents an examination of the health potential of increased daily-life 
PA in RTRs. We assess the association between daily-life physical activities and the 
development of post-transplant diabetes, cardiovascular mortality, and all-cause 
mortality in these patients.  

Chapter 6 presents a comparative examination of the association between 
estimated body fat, measured through bioelectrical impedance analysis, with future 
cardiovascular events, and the associations of BMI and waist circumference with 
cardiovascular events. We focus, in particular, on differences between men and 
women relating to these associations. 

Chapter 7 identifies important considerations relating to the data processing of 
self-reported PA questionnaires, in this case, the Short Questionnaire to Assess 
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Health-Enhancing Physical Activity (SQUASH). These considerations include 
accounting for age corrections, accurate assignments of Metabolic equivalent (MET) 
values and appropriate categorization of activities into intensity degrees of light, 
moderate, or vigorous. 

Finally, Chapter 8 provides a summary and discussion of the main results of the 
thesis, methodological considerations, and future perspectives. 

As a homage to my heritage, the chapter numbers are written out in Mongolian 
calligraphy, in the traditional script dating from the 13th century, which is no longer 
in everyday use today.
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ABSTRACT 

Objectives: We examined the dose-dependent association of habitual moderate-to-
vigorous physical activity (MVPA) with the biochemical markers for non-alcoholic fatty 
liver disease (NAFLD) and whether this association changes with age and degree of 
impaired glucose metabolism. We also investigated whether the associations depend 
on the domain of MVPA.  

Methods: In this study, using data from the population-based Lifelines Cohort 
(N=42,661), MVPA was self-reported on the short questionnaire to assess health-
enhancing physical activity. NAFLD was defined as a fatty liver index value of 
(FLI)>60, based on body mass index, waist circumference, plasma triglycerides, and 
gamma-glutamyltransferase. Glucose  metabolism was defined as normal (NGM), 
impaired (IGM), and type 2 diabetes mellitus (T2DM). Exclusion criteria were 
previously diagnosed hepatitis or cirrhosis and excessive alcohol use. All analyses 
were adjusted for age, sex, and education.  

Results: Higher MVPA was dose-dependently associated with lower risk of having 
NAFLD: compared with “No-MVPA,” the odds ratio (ORs) (95% confidence intervals) 
for MVPA quintiles were 0.78 (0.71;0.86), 0.64 (0.58;0.70), 0.53 (0.48;0.59), 0.51 
(0.46;0.56), and 0.45 (0.41;0.50) for the highest level of MVPA. The association 
between MVPA and NAFLD was stronger for more impaired glucose status 
(ORNGM=0.49 (0.42;0.57), ORIGM=0.46 (0.40;0.54), ORT2DM=0.42 (0.27;0.66))) and 
for older age (OR20-40 years=0.51 (0.42;0.62), OR60-80 years=0.37 (0.29;0.48)) with the 
highest level of MVPA, relative to No-MVPA. No favorable association was observed 
for occupational MVPA. With regard to MVPA and fibrosis, associations with fibrosis 
markers showed contradictory results. 

Conclusion: Higher MVPA levels are dose-dependently associated with a lower 
NAFLD risk. This association is stronger in people with diabetes and older adults. 

Keywords: Non-alcoholic fatty liver disease, physical activity, fatty liver index, 
diabetes, occupational physical activity  
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INTRODUCTION 

Non-alcoholic fatty liver disease (NAFLD) is characterized by increased hepatic 
triglyceride accumulation in the absence of excessive alcohol consumption. This 
condition is a precursor of other liver pathological conditions, including 
steatohepatitis, fibrosis (FB), liver cirrhosis, and liver failure or hepatocellular 
carcinoma[1]. Furthermore, NAFLD has become more prevalent globally, affecting 
approximately 25% of the general population[2]. This has generated a need to 
investigate tools for improving the management of lifestyle or other factors.  

Physical activity is regarded as a foundation for managing NAFLD [1, 3-4]. 
However, most reports on the benefits of physical activity with regard to NAFLD have 
been based on  experimental studies[5-7]. Observational studies have identified 
lower levels of physical activity as a risk factor for developing NAFLD, suggesting that 
daily-life physical activity should be increased to prevent NAFLD [8-12]. Most studies 
consider only small sample sizes [8-11], and few have established any dose-
dependent NAFLD risk reduction for increased physical activity [12-13]. Moreover, 
little is known about the potential benefits of moderate-to-vigorous physical activity 
(MVPA) within the context of total daily-life physical activity, which includes a variety 
of domains (e.g., occupational and non-occupational) that might play different roles 
in health [11]. It is therefore important to gather evidence to support the dose-
dependency of the beneficial effects of physical activity and to determine whether 
such dose-dependency is related to specific domains.  

The prevalence of NAFLD increases with age, due to age-related metabolic 
changes such as fat distribution from subcutaneous to ectopic sites, including liver 
and specific age-related hepatic changes [14-15]. In addition, type 2 diabetes 
mellitus (T2DM) is closely associated with the presence of NAFLD, with its incidence 
estimated to be around 70% in people with T2DM [16-18]. Studies have also 
indicated that older age and T2DM are associated with advanced progress of other 
pathological conditions, such as FB [19-20]. To date, no studies have investigated 
whether physical activity becomes more important role with age and impaired 
glucose metabolism, or whether it becomes less important. On the one hand, 
benefits may increase with age, but on the other hand, the effect of physical activity 
could be potentially outweighed by clinical factors (e.g., comorbidities and 
medication use). 

The primary objective of this study was to examine the association of daily-life 
moderate-to-vigorous physical activity with the biomarkers of NAFLD – fatty liver 
index (FLI) and alanine aminotransferase (ALT); aspartate aminotransferase (AST); 
alkaline phosphatase (ALP); and gamma-glutamyltransferase (GGT) – in a large 
population-based cohort. A second objective was to evaluate how this association is 
altered in individuals with impaired glucose metabolism (IGM) and diabetes, as well 
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as across different age groups. The study also examined whether the associations 
depend on the domain of physical activity and how physical activity is related to the 
risk of FB in individuals with NAFLD. 

METHODS 

Data source and study population 
Lifelines is a multidisciplinary prospective population-based cohort and biobank of 
more than 167,000 people living in the North of the Netherlands[21]. It uses a broad 
range of investigative procedures in assessing the biomedical, socio-demographic, 
behavioral, physical, and psychological factors that contribute to the health and 
disease of the general population, with a special focus on multi morbidity and 
complex genetics. The study was conducted according to the Helsinki Declaration, 
and it was approved by the medical ethical committee of the University Medical 
Center Groningen in the Netherlands. All participants provided their written informed 
consent [21-22].  

In this cross-sectional study, the analyses were based on data available in June 
2016 (n=57,774). From this population, we included subjects of Western European 
origin [23] between the ages of 18 and 80 years. The first exclusion criterion was 
any missing and/or implausible data related to the main outcomes: definition of the 
NAFLD and glucose status, and the assessment of physical activity. Further 
exclusions included excessive alcohol use (alcohol consumption>30g/day for males 
and 20g/day for females [1]), previously diagnosed hepatitis and/or cirrhosis, acute 
liver diseases (liver enzyme values>3 times the upper reference limit, i.e., for 
AST>120 U/L, ALT>135 U/L and GGT>165 U/L), Type 1 DM, current cancer, and 
diseases that impair or prevent participation in exercise (heart failure and renal 
failure). In all, 42,661 participants were included in the current analyses (Figure 
S1).  

Anthropometry and laboratory tests 
Body weight, height, waist circumference, and blood pressure were measured by a 
permanent staff of well-trained technicians using a standardized protocol [21]. Body 
mass index (BMI) was calculated as weight (kg) divided by height squared (m2). 
Fasting plasma glucose (FPG) was measured by the hexokinase method, and HbA1c 
was measured using high-performance liquid chromatography. Liver blood tests were 
measured routinely according to the recommendations of the International 
Federation of Clinical Chemistry on a Roche Modular platform. Measurements of ALT 
and AST were taken using pyridoxal phosphate activation. Total cholesterol, low-
density lipoprotein cholesterol, and high-density lipoprotein cholesterol were 
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measured using an enzymatic colorimetric method, and triglycerides (TG) were 
measured using a colorimetric UV method, all on a Roche Modular P chemistry 
analyzer[21-22]. 

Assessment of physical activity 
Physical activity was assessed using the short questionnaire to assess health-
enhancing physical activity (SQUASH), which estimates habitual physical activities 
with reference to a normal week[24]. The SQUASH is pre-structured into four 
domains: commuting, leisure time and sports, household, and occupational activities. 
Questions consisted of three main queries: days per week, average time per day, 
and intensity. The SQUASH has been validated in the general population[24].  

In this study, we used activities at the moderate (4.0-6.5 MET) to vigorous (≥ 
6.5 MET) level. Metabolic equivalent (MET) values were assigned to activities 
according to Ainsworth’s Compendium of Physical Activities[25]. Outcomes were 
presented as MVPA minutes per week (min/week). Participants were divided into six 
distinct categories based on the amount of total and non-occupational MVPA. 
Individuals who performed no physical activity at a moderate-to-vigorous level were 
considered inactive and classified as “No-MVPA.” The other participants (MVPA>0 
min/week) were divided into quintiles of MVPA, ranging from low (quintile 1, MVPA-
Q1) to high (quintile 5, MVPA-Q5). The MVPA min/week (median, 25th and 75th 
percentile of MET/min/week) was used to define the total MVPA quintiles: 1-135 
(420, 3.5-839), 136-269 (1200, 840-1679), 270-480 (2220, 1680-3000), 481-1105 
(1640, 3001-5940), 1106-6840 (9000, 5942-31020). The following quintiles were 
defined for non-occupational MVPA: 1-90 (400, 3.5-585), 91-181 (840, 586-1080), 
181-292 (1418, 1081-1810), 293-464 (2310, 1812-3023), 465-1150 (4367, 3024-
28752), based on the min/week (median, 25th and 75th percentile of 
MET/min/week), respectively.  

Assessment of NAFLD 
The fatty liver index (FLI), a non-invasive marker for liver steatosis, was used to 
define NAFLD:  

𝐹𝐹𝐹𝐹𝐹𝐹 𝐹 

( e [0.953 x ln(triglycerides) +  0.139 x BMI +  0.718 ln(GGT) +  0.053 x WC –  15.745]
1 +  e [0.953 x ln(triglycerides) +  0.139 x BMI +  0.718 ln(GGT) +  0.053 x WC –  15.745]) x 100 

where triglycerides are measured in mg/dl, GGT in IU/l, WC in cm and BMI in kg/m2. 
Values of FLI>60 indicate the presence of NAFLD with an accuracy of 0.84, a 
sensitivity of 61%, and a specificity of 86%, as determined by ultrasonography[26].  
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Assessment of glucose metabolism 
The following definitions were used in assessing glucose metabolism according to 
reports from the WHO/IDF consultation and the European Diabetes Epidemiology 
Group: normal glucose metabolism (NGM) – FPG<6.1 mmol/L or HA1C<5.7%, IGM – 
FPG between 6.1 to 6.9 mmol/L or HA1C between 5.7% and 6.4%, and diabetes – 
FPG≥7.0 mmol/L or HA1C≥6.5%, or self-reports of diagnosis by a physician, or the 
use of glucose-lowering agents [27-28]. 

Statistical analysis 
The study characteristics were expressed as means with a standard deviation for 
normally distributed variables or as medians with interquartile range for non-normally 
distributed variables and numbers with percentages referring to the presence of 
NAFLD. The differences between groups were compared using Student t test or the 
Mann-Whitney U test for continuous variables. The frequency distributions of 
categorical variables were analyzed using the Pearson χ2 test. 

Binary logistic regression analysis was performed to evaluate the association 
between MVPA and NAFLD. Odds ratios (OR) are reported with 95% confidence 
intervals. Analyses were adjusted for age, sex, education (model1), daily caloric 
intake, and smoking (model2). The determinants consisted of six categories of MVPA, 
with No-MVPA as the reference group for regression analysis. Given that obesity may 
reflect general adiposity and, to a lesser extent, specific liver-fat deposition, linear 
regression was performed for the individual FLI components and other liver blood 
tests (ALT, AST and ALP). The variables in these linear regression analyses were first 
log-transformed to obtain normal distributions. The association between MVPA and 
fibrosis was investigated using the continuous scores of the NAFLD Fibrosis Score 
(NFS), FiB-4, and the AST-to-platelet ratio index (APRI) (Supplementary method) 
[29].  

The study population was categorized according to glucose status (NGM, IGM 
and T2DM) and age (18-40, 40-60 and 60-80 years).  

To study the risk of inactivity in sensitivity analysis, we used the first quintile of 
MVPA (MVPA-Q1) as a reference group. We also performed the regression analysis 
for the various levels of alcohol consumption, including the initially excluded 
excessive alcohol users. Finally, to compare the results of total daily-life MVPA, we 
analyzed time spent engaging in sports, which is more repetitive than other activities 
and therefore easier to report.  

All statistical analyses were performed using IBM SPSS V.22.0 (Chicago, IL) and 
GraphPad Prism V.4.03 (San Diego, CA). A 2-sided statistical significance was set at P 
< 0.05 for all tests. 
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RESULTS 

People with FLI≥60 (suspected NAFLD) accounted for 21.4% of the total population. 
Participants with NAFLD were older and more likely to be males with lower levels of 
education (Table 1).  

Table 1. General characteristics of the study population 
Characteristics Total

(n=42,661)
No NAFLD
(n=33,580)

NAFLD
(n=9,081)

P
value*

Age (years) 44 (36-51) 43 (35-50) 47 (40-55) <0.001
Male gender, n (%) 16,871 (39.5) 11,439 (34.1) 5,432 (59.8) <0.001
Education: Low, n (%) 12,188 (29.2) 8,677 (26.4) 3,511 (39.7) <0.001

Medium, n (%) 16,718 (40.1) 13,290 (40.5) 3,428 (38.7) <0.001
High, n (%) 12,802 (30.7) 10,888 (33.1) 1,914 (21.6) <0.001

Energy intake (kcal/day) 1,982 ± 647.4 1,973 ± 635.0 2,013.7 ± 635.0 <0.001
Smoking, n (%) 8,956 (21.0) 6,889 (20.5) 2,067 (22.8) <0.001
Anthropometry 

BMI (kg/m2) 25.9 ± 4.3 24.5 ± 2.9 31.4 ± 4.3 NA
Waist in men (cm) 95.4 ± 10.6 90.4 ± 7.2 105.6 ± 8.8 NA
Waist in women (cm) 86.9 ± 12.1 83.7 ± 8.9 106.1 ± 9.2 NA
Systolic BP (mm Hg) 125.7 ± 15.0 123.4 ± 14.2 133.8 ± 14.6 <0.001
Diastolic BP (mm Hg) 73.8 ± 9.1 72.7 ± 8.7 78.5 ± 9.3 <0.001

Lipids and inflammation 
Total cholesterol (mmol/L) 5.00 ± 0.98 4.90 ± 0.95 5.30 ± 1.02 <0.001
HDL-C in men (mmol/L) 1.2 (1.1-1.5) 1.3 (1.1-1.5) 1.1 (0.9-1.2) <0.001
HDL-C in women (mmol/L) 1.5 (1.3-1.8) 1.6 (1.4-1.8) 1.3 (1.1-1.5) <0.001
LDL-C (mmol/L) 3.17 ± 0.88 3.50 ± 0.91 3.89 ± 0.86 <0.001
Triglycerides (mmol/L) 1.0 (0.7-0.99) 0.9 (0.7-1.1) 1.6 (1.2-2.2) NA
hsCRP (mg/L) 1.2 (0.6-2.8) 1.0 (0.5-2.2) 2.1 (1.1-4.8) <0.001

Liver blood tests
ALT (U/L) 19 (14-27) 18 (13-24) 28 (20-39) <0.001
AST (U/L) 22 (19-27) 22 (19-26) 25 (21-30) <0.001
ALP (U/L) 61.5 ± 17.0 59.4 ± 16.1 69.0 ± 17.7 <0.001
GGT (U/L) 20 (15-29) 18 (14-24) 33 (24-47) NA

Glucose metabolism
Plasma glucose (mmol/L) 5.0 ± 0.7 4.9 ± 0.6 5.4 ± 1.0 <0.001
HbA1c (%) 5.6 ± 0.4 5.5 ± 0.3 5.8 ± 0.6 <0.001
Glucose status: IGM, n (%) 14,444 (33.9) 10,154 (30.2) 4,290 (47.2) <0.001
Glucose status: DM, n (%) 1,171 (2.7) 416 (1.2) 755 (8.3) <0.001

Total MVPA
No MVPA, n (%) 3,219 (7.5) 2,158 (6.4) 1,061 (11.7) <0.001
MVPA (min/week)* 320 (120-795) 330 (140-786) 300 (90-840) <0.001

Non-occupational MVPA
No MVPA, n (%) 5,272 (12.4) 3,521 (10.5) 1,751 (19.3) <0.001
MVPA (min/week)* 190 (60-360) 210 (90-380) 150 (30-330) <0.001

Note: Data are presented as mean ± SD or median (25th to 75th percentile) and number (percentages). BMI, 
body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; hsCRP, high-sensitivity C-reactive protein; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; IGM, impaired glucose 
metabolism; DM, diabetes mellitus; MVPA, moderate-to-vigorous physical activity; NA, not applicable.
*Adjusted for age, sex, and education level. NA: P values were not presented in the table because of the
variables used in the FLI algorithm (BMI, waist, TG, and GGT). 
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Furthermore, participants with NAFLD had higher blood pressure and higher 
concentrations of total cholesterol, low-density lipoprotein cholesterol, FPG, HbA1c, 
and high-sensitivity C-reactive protein, as well as lower high-density lipoprotein 
cholesterol concentration, compared with subjects without NAFLD (all adjusted 
p<0.001). People with NAFLD were more likely to have IGM and T2DM. Other liver 
blood tests (e.g., ALT, AST, and ALP) were significantly associated with the presence 
of NAFLD. The adjusted means of total and non-occupational MVPA min/week were 
lower in the NAFLD group (Figure S2). Of all participants, 7.5% did not perform any 
activities at a moderate-to-vigorous level. Participant characteristics broken down by 
MVPA level are displayed in Table S1. 

According to the results of logistic regression analysis,  increased MVPA was 
associated with a low risk of NAFLD. The risk reduction associated with increased 
non-occupational MVPA was dose dependent. After further adjustment for daily 
caloric intake and smoking status, the associations were virtually the same, and dose 
dependency remained (Table 2). In the association between total MVPA and NAFLD, 
dose dependency disappeared at more active levels (MVPA-Q4 and Q5) when 
including the occupational MVPA (Table 2, Figure S3). 

Table 2. Dose-dependent association between MVPA and NAFLD 
MVPA categories Model 1 Model 2

OR 95% CI P-value OR 95% CI P-value
Total daily-life MVPA:

‘No MVPA’ (ref) 1.00 - - 1.00 - -
MVPA-Q1 0.68 0.61-0.76 <0.001 0.70 0.63-0.78 <0.001
MVPA-Q2 0.55 0.50-0.62 <0.001 0.57 0.51-0.64 <0.001
MVPA-Q3 0.48 0.43-0.53 <0.001 0.49 0.44-0.55 <0.001
MVPA-Q4 0.47 0.42-0.52 <0.001 0.49 0.44-0.55 <0.001
MVPA-Q5 0.55 0.49-0.61 <0.001 0.58 0.52-0.64 <0.001

Non-occupational MVPA:
‘No MVPA’ (ref) 1.00 - - 1.00 - -
MVPA-Q1 0.77 0.70-0.84 <0.001 0.78 0.71-0.86 <0.001
MVPA-Q2 0.63 0.57-0.69 <0.001 0.64 0.58-0.70 <0.001
MVPA-Q3 0.52 0.47-0.58 <0.001 0.53 0.48-0.59 <0.001
MVPA-Q4 0.50 0.45-0.55 <0.001 0.51 0.46-0.56 <0.001
MVPA-Q5 0.44 0.40-0.49 <0.001 0.45 0.41-0.50 <0.001

Note: Binary logistic regression analysis. Reference group is the “No MVPA.” Data are expressed as ORs and 
95% confidence intervals (95% CIs). CI, confidence interval; MVPA, moderate-to-vigorous physical activity; OR, 
odds ratio; Q, quintile.
Model 1: adjusted for age, sex, and education.  
Model 2: adjusted for age, sex, education, smoking, and daily caloric intake. 

Furthermore, dose dependency seemed to be influenced by glucose status. At the 
highest level of MVPA (compared with No-MVPA), an OR (95% CI) of 0.49 (0.42; 
0.57) was found for NGM, with values of 0.46 (0.40; 0.54) for IGM and 0.42 (0.27; 
0.66) for T2DM (Figure 1).  
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Figure 1. MVPA categories and the risk of having NAFLD by glucose status.  
Note: Binary logistic regression analysis. Reference group is the “No MVPA.” Data are expressed as OR and 95% 
CI. Error bars indicate 95% CIs. Analysis was adjusted for age, sex, education, smoking, and daily caloric intake. 
DM, diabetes mellitus; IGM, impaired glucose metabolism; MVPA, moderate-to-vigorous physical activity; NGM, 
normal glucose metabolism; OR, odds ratio; Q, quintile. 

The association between MVPA and NAFLD was also dependent on age. The OR was 
0.51 (0.42; 0.62) for adults aged 18-40 years, and it was reduced to 0.37 (0.29; 
0.48) for adults aged 60-80 years, when comparing the highest level of MVPA with 
No-MVPA (Figure 2).  

Figure 2. MVPA categories and the risk of having NAFLD by age.  
Note: Binary logistic regression analysis. Reference group is the ‘No MVPA’. Data are expressed as OR and 95% 
CI. Error bars indicate 95% CIs. Analysis was adjusted for age, sex, education, smoking, and daily caloric intake. 
MVPA, moderate-to-vigorous physical activity; OR, odds ratio; Q, quintile. 

The results of linear regression analysis indicated that MVPA was inversely 
associated with the continuous measurement of the risk of NAFLD (Log-FLI) and its 
individual components (all P<0.001, Tables 3&4). These significant associations 
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were much stronger for TG and GGT than they were for BMI and WC (Table 4), 
thereby indicating that the association between MVPA and the FLI was mostly 
explained by the association between GGT and TG and not predominantly by the 
adiposity measures. Moreover, inverse associations were observed for other liver 
blood tests, including Log-ALT and Log-ALP (P<0.001, Table 3). 

Table 3. Linear associations between MVPA and fatty liver biomarkers 
MVPA Unstandardized B (95% CI) ¶

FLI (score) ALT (U/L) AST (U/L) ALP (U/L)
Total MVPA
Overall -0.038 (-0.044;-0.032)** -0.006 (-0.009;-0.003)** 0.007 (0.005; 0.008)** -0.006 (-0.008;-0.004)** 
NGM -0.027 (-0.035;-0.019)** -0.004 (-0.008; 0.000)* 0.007 (0.005; 0.009)** -0.005 (-0.007;-0.003)** 
IGM -0.049 (-0.059;-0.039)** -0.008 (-0.012;-0.003)* 0.006 (0.003; 0.009)** -0.006 (-0.009;-0.003)** 
DM -0.040 (-0.065;-0.016)* -0.008 (-0.026;-0.010) 0.006 (-0.005; 0.018) -0.008 (-0.016;0.004) 
Non-occupational MVPA
Overall -0.061 (-0.066;-0.055)** -0.009 (-0.008;-0.004)** 0.010 (0.008; 0.011)** -0.006 (-0.008;-0.004)** 
NGM -0.046 (-0.054;-0.039)** -0.005 (-0.009;-0.002)* 0.011 (0.009; 0.013)** -0.004 (-0.006;-0.002)** 
IGM -0.073 (-0.082;-0.064)** -0.011 (-0.016;-0.007)** 0.009 (0.006; 0.011)** -0.008 (-0.011;-0.005)** 
DM -0.056 (-0.078;-0.034)** -0.016 (-0.032;0.001) -0.002 (-0.013; 0.009) -0.006 (-0.015;0.003) 
Occupational MVPA
Overall 0.008 (0.001; 0.014)* 0.001 (-0.002; 0.003) 0.000 (-0.002; 0.002) -0.002 (-0.004; 0.000)* 

Note: Linear regression analysis. Data are expressed as unstandardized B and 95% confidence interval (95% CI). 
ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, confidence 
interval; DM, diabetes mellitus; FLI, fatty liver index; IGM, impaired glucose metabolism; MVPA, moderate-to-
vigorous physical activity; NGM, normal glucose metabolism.¶ Adjusted for age, sex, education, smoking, and 
daily caloric intake. * P <  0.05. ** P <  0.001.

Table 4. Linear associations between MVPA and Individual components of fatty liver 
index 
MVPA Unstandardized B (95% CI) ¶

BMI (kg/m2) Waist  (cm) TG (mmol/L) GGT (U/L)
Total MVPA
Overall -0.004 (-0.005;-0.003)** -0.005 (-0.006;-0.004)** -0.021 (-0.024;-0.017)** -0.015 (-0.018;-0.012)**
NGM -0.002 (-0.003;-0.001)* -0.004 (-0.005;-0.003)** -0.016 (-0.020;-0.012)** -0.011 (-0.015;-0.006)**
IGM -0.006 (-0.008;-0.004)** -0.006 (-0.006;-0.004)** -0.025 (-0.030;-0.019)** -0.018 (-0.023;-0.012)**
DM -0.008 (-0.015;-0.002)* -0.007 (-0.012;-0.002)* -0.035 (-0.056;-0.014)** -0.031 (-0.052;-0.011)*
Non-occupational MVPA
Overall -0.009 (-0.010;-0.008)** -0.009 (-0.010;-0.008)** -0.022 (-0.025;-0.019)** -0.017 (-0.02;-0.014)**
NGM -0.006 (-0.007;-0.004)** -0.007 (-0.008;-0.006)** -0.018 (-0.022;-0.014)** -0.010 (-0.014;-0.006)**
IGM -0.011 (-0.012;-0.009)** -0.011 (-0.012;-0.010)** -0.026 (-0.031;-0.020)** -0.021 (-0.026;-0.016)**
DM -0.015 (-0.021;-0.009)** -0.011 (-0.015;-0.007)** -0.026 (-0.045;-0.007)* -0.037 (-0.056;-0.019)**
Occupational MVPA
Overall 0.003 (0.002; 0.004)** 0.002 (0.001; 0.003)** -0.007 (-0.010;-0.004)** -0.004 (-0.007; 0.000)*

Note: Linear regression analysis. Data are expressed as unstandardized B and 95% confidence interval (95% CI). 
BMI, body mass index; CI, confidence interval; DM, diabetes mellitus; GGT, gamma-glutamyltransferase; IGM, 
impaired glucose metabolism; MVPA, moderate-to-vigorous physical activity; NGM, normal glucose metabolism; 
TG, triglycerides.¶ Adjusted for age, sex, education, smoking, and daily caloric intake. * P <  0.05. ** P <  0.001.

A positive association was found  between MVPA and Log-AST (P<0.001). 
Occupational MVPA was positively associated with Log-FLI, Log-BMI and Log-WC, 
and it was inversely associated with Log-TG, Log-GGT and Log-ALP (P<0.001), 
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although the β-coefficients were small (Tables 3&4). Higher MVPA was significantly 
associated with lower NFS, but positively associated with FIB-4 and APRI (Table 5). 

Table 5. Linear associations between MVPA and fibrosis in NAFLD 
MVPA FIB-4 APRI NFS

B (95% CI) P B (95% CI) P B (95% CI) P
MVPA-Q1 vs No-MVPA 0.010 (-0.01;0.03) 0.363 0.017 (-0.01;0.043) 0.215 -0.037 (-0.01-0.04) 0.342
MVPA-Q2 vs No-MVPA 0.010 (-0.01;0.02) 0.076 0.013 (0.001;0.03) 0.051 -0.014 (-0.05-0.03) 0.471
MVPA-Q3 vs No-MVPA 0.010 (0.002;0.02) 0.011 0.012 0.002;0.022) 0.015 -0.029 (-0.06-0.00) 0.087
MVPA-Q4 vs No-MVPA 0.005 (-0.01;0.01) 0.900 0.008 0.001;0.015) 0.037 -0.027 (-0.05;-0.01) 0.047
MVPA-Q5 vs No-MVPA 0.043 (0.02;0.066) 0.001 0.044 0.015;0.072) 0.003 -0.030 (-0.11;-0.01) 0.011

Note: Linear regression analysis. Data are expressed as unstandardized B and 95% confidence interval (95% CI) 
indicating the associations of each MVPA level compared with the category of No MVPA. Levels of MVPA are 
used as “dummy’ variables. Analysis was adjusted for age, sex, education, smoking, and daily caloric intake. 
APRI, AST-to-platelet ratio index; CI, confidence interval; FIB-4, fibrosis-4; MVPA, moderate-to-vigorous physical 
activity; NFS, NAFLD Fibrosis Score. 
FIB-4 Score = (Age*AST) / (Platelets*√(ALT)). 
APRI = (AST in IU/L) / (AST Upper Limit of Normal in IU/L) / (Platelets in 109/L).  
NAFLD-Fibrosis Score = -1.675 + (0.037*age [years]) + (0.094*BMI [kg/m2]) + (1.13*IFG/diabetes [yes = 1, no = 
0]) + (0.99*AST/ALT ratio) – (0.013*platelet count [×109/L]) – (0.66*albumin [g/dl]).  

Sensitivity analysis revealed that being inactive (No-MVPA) increased the risk of 
NAFLD by an OR of 1.43 (1.29;1.60) for total MVPA and 1.28 (1.67;1.41) for non-
occupational MVPA, as compared with being “a little active” (MVPA-Q1) (Figure S3). 
Furthermore, the dose-dependent association was confirmed using the time spent 
engaging in sports as a determinant of the risk of NAFLD (Table S3). Further 
sensitivity analysis revealed dose dependent associations between MVPA and NAFLD 
across all categories of alcohol consumption, including for the excessive alcohol users 
who had been excluded from the main analysis (Table S4).  

DISCUSSION 

This large-scale population-based study makes a substantial contribution to the 
existing evidence on the potential benefits of increased physical activity on NAFLD. 
We established a dose-response relationship between daily-life physical activity and 
the risk of having NAFLD, demonstrating that more physical activity is more 
beneficial. If occupational MVPA is included in the level of total physical activity, 
however, individuals who are much more active may not experience any additional 
benefit. These results indicate that the potentially beneficial effects of physical 
activity are dependent on particular types of daily-life activity. Extreme levels of 
occupational physical activity are not protective for NAFLD. The potentially beneficial 
effects of physical activity apply to all other activities at the moderate-to-vigorous 
level (e.g., commuting, leisure time, or sport). In general, older individuals and 
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individuals with IGM or T2DM experience larger reductions in the risk of having 
NAFLD, relative to younger and healthier individuals.  

In line with our results, a few earlier studies have established that increased 
levels of daily-life physical activity are associated with a reduction in the incidence of 
NAFLD. For example, Perseghin et al. demonstrated that the prevalence of NAFLD 
was lower for most physically active individuals [8]. Kwak et al. reported a similar 
inverse association between daily-life physical activities and the risk of NAFLD [9]. 
Kistler et al. found a dose-dependent association between time spent on MVPA and 
biopsy-proven NAFLD scores [13]. Results of a larger meta-analysis were 
nevertheless inconsistent with regard to the dose-dependent association between 
MVPA and NAFLD [5]. The study did not detect any dose-dependency related to time 
spent exercising. This result may have been due to either a lack of statistical power 
because of small sample sizes, or a limitation of individual data analysis from the 
trials. In an individual trial by Oh et al., however, extensive time spent in MVPA 
(⩾250 min/week) had a greater beneficial effect in the pathophysiology of NAFLD 
than did shorter periods of activity (<150 min/week)[30]. Finally, our large 
population based  study provides evidence of a dose-dependent association between 
time spent on MVPA and the risk of having NAFLD. 

As demonstrated by our results, a transition from the least active level to each 
increasing level of MVPA could be beneficial in terms of NAFLD. Even an activity level 
lower than the recommendation (>150min/week) i.e., the lowest level of MVPA 
(‘MVPA-Q1’) was better than being entirely inactive (No-MVPA). Our results suggest 
that people whose activity is at the recommended level (150-200 min/week)[1] or 
higher are at lower risk of having NAFLD. If occupational activities are taken into 
account, however, levels of activity that greatly exceed the guidelines (MVPA-Q4 and 
Q5) might not generate any additional benefits. This result might be due to the 
inclusion of occupational activity, which may not offer the same direct health benefits 
that are associated with leisure time physical activity.  

The finding that occupational MVPA offers no clear health benefit is in line with 
results from other studies [31-33]. For example, a meta-analysis indicated that OPA 
is not beneficial in terms of protection against hypertension [31]. In other studies, 
Larsson et al. reported a positive association between OPA and insulin resistance 
[32] and Lund et al. identified a longitudinal association between heavy occupational 
activity and sickness absence[33]. The mechanism that apparently prevents 
occupational physical activity from generating additional health benefits is unclear. Of 
course, there may be the possibility of confounding, that normally overweight 
participants are both inactive and have a higher risk for NAFLD. For such individuals, 
the barriers against exercise may only be overcome in the context of  occupational 
activities, thus generating an association between high occupational MVPA and a 
high NAFLD risk. On the other hand, exercise interventions do seem to lower the 
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level of liver fat, and several biological mechanisms have been suggested. Biological 
explanations might be related to the type of activity (e.g., heavy lifting or pushing 
and extreme bending or twisting of the neck or back without longer periods of rest 
for recovery) [33]. Astrand et al. identified an association between work-based 
activities (e.g., working with hands above shoulder level) and increased blood 
pressure [34]. The types of occupation related to high occupational MVPA in our 
study included such occupations as “metal, machinery, and related trade work,” 
“handicraft and printing work,” and “other mechanics and repairs”. Although the 
association between occupational MVPA and health cannot be fully explained, it is 
important to be aware that occupational MVPA should not be considered as a 
substitute for leisure time MVPA.  

In our study, the association between MVPA and NAFLD was stronger for older 
ages. One possible explanation for this result might be that benefits are gained more 
easily when there is more room for improvement (as is the case for older people). 
The young people in this study were healthy, irrespective of their lifestyles. In 
accordance with our results, several studies have identified that lifestyle interventions 
(including physical activity) had greater benefits for the oldest individuals [35-36]. 
Results from a prevention program demonstrated an inverse relationship between 
age and the incidence of diabetes among participants, compared with a control 
group [35]. In the Finnish Diabetes Prevention Study, intervention was more 
effective in the oldest tertile of the population [36].  

In line with previous studies, the prevalence of NAFLD was higher in individuals 
with T2DM in our study [16-18]. This could be because the risk of NAFLD is strongly 
interrelated with the risk of T2DM, insulin resistance, and the metabolic syndrome 
[37-41]. With regard to the association between MVPA and the risk of NAFLD, the 
magnitude of the effect was greater in people with diabetes than it was in the NGM 
and IGM groups in our study. As was the case with older age, one explanation for 
this result could be that benefits are gained more easily when there is more room for 
improvement. Accordingly, if people manage to remain more active despite their 
diabetes, they are more likely to remain relatively healthy. 

Concerns could be expressed about using the FLI to identify individuals with 
NAFLD. Studies have indicated that the clinical utility of the FLI is limited, largely 
because it fails to correctly distinguish between moderate and severe steatosis [42- 
43]. Nevertheless, the FLI has revealed a linear trend across steatosis grades, as 
classified by histology in liver biopsies [43]. The study showed that the Area Under 
the curve of the Receiver Operating Characteristic (AUROC) value for the FLI was 
0.83, indicating good diagnostic accuracy for the presence or absence of NAFLD. 
Given that the latter criterion was the most important outcome in our study, and 
given that we did not consider the severity of NALFD, the use of the FLI could not 
have caused serious classification bias in this study. Further development of 
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appropriate and accurate quantitative markers for NAFLD would be very useful for 
both clinical use and research purposes.  

In our study, we also assessed the impact of MVPA on other liver blood tests and 
fibrosis makers. The inverse associations that we found for ALT, ALP, and GGT 
provide evidence of a relationship between daily-life MVPA and liver health. However, 
we also found a positive association with AST, which could offer a partial explanation 
for the positive associations between MVPA and FIB-4 or APRI. On closer inspection, 
this result could have been due to the fact that FIB-4 and APRI were based on fewer 
parameters than NFS was, in addition to being largely dependent on AST. Because 
AST may also originate from skeletal muscle, a positive association between MVPA 
and AST could be explained by the increased breakdown of muscle cells with 
increasing physical activity, thereby resulting in a higher concentration of AST [44]. 
On the basis of another FB score (the NFS), however, higher levels of MVPA seem to 
be related to a lower risk of FB. The association between MVPA and FB markers is 
thus inconclusive. It is nevertheless important to consider the possibility that FIB4 
and APRI are not suitable as makers for research on the role of physical activity and 
liver health. 

The greatest strength of our study is that it is based on a large sample from the 
general population, thereby allowing us to estimate the dose dependency of MVPA 
with regard to NAFLD in various subgroups (e.g., different levels of glucose status, 
different age groups) with sufficient statistical power. The study is nevertheless 
subject to several limitations as well. One is related to the use of the FLI to identify 
NAFLD. Although the FLI does not provide an absolute measure of the accumulation 
of fat in the liver, it is one of the best-validated markers for steatosis, especially in 
large-scale screening [1, 45]. Another limitation has to do with our assessment of 
physical activity and information about hepatitis and cirrhosis based on self-reports. 
It should be noted that some subjects might have undiagnosed viral hepatitis. 
Finally, our study design was cross-sectional. 

CONCLUSIONS 

A higher level of non-occupational daily-life moderate-to-vigorous physical activity is 
dose-dependently associated with a lower risk of having NAFLD, based on a non-
invasive marker for the risk of fatty liver. With regard to the level of physical activity, 
any increase in MVPA, even at levels lower than those recommended by the relevant 
guidelines, is still better than being entirely inactive. The risk is further reduced for 
individuals who are more active than recommended. If occupational MVPA is included 
in the level of total daily-life MVPA, however, individuals who are much more active 
than the guidelines recommend may not obtain any additional benefit. Nevertheless, 
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our results indicate that increased physical activity is accompanied by a lower risk of 
having NAFLD, although extreme levels of occupational MVPA are not protective. The 
association between non-occupational MVPA and the risk of having NAFLD is stronger 
in people with diabetes and older adults, suggesting that people who manage to 
remain active will be the healthiest.  
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STUDY HIGHLIGHTS 

What is current knowledge 

 The risk of NAFLD is lower for people with higher levels of physical activity.
 Large population-based studies describing the association of MVPA and NAFLD

across domains of daily-life physical activity, age groups, and glucose status are
lacking.

What is new here 

 Higher levels of physical activity are associated with lower risk of NAFLD,
although extreme levels of occupational physical activity are not protective.
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 Older individuals experience a relatively larger reduction in NAFLD risk from
physical activity than do younger adults.

 Individuals with diabetes experience a larger reduction in NAFLD risk from
physical activity than do healthy adults.
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SUPPLEMENTARY MATERIALS 

Contents 
Methods. Liver fibrosis markers 
Table S1A. Characteristics of the study population, according to total daily life MVPA 

categories 
Table S1B. Characteristics of the study population, according to non-occupational daily-

life MVPA categories 
Table S2. Linear associations between MVPA and fatty liver biomarkers, according to 

sex, age and education 
Table S3. Sensitivity analysis for dose-dependent association between MVPA and 

NAFLD  
Table S4. Association between MVPA and NAFLD by alcohol consumption 
Figure S1. Flowchart of the study population 
Figure S2. Daily-life moderate-to-vigorous physical activity, according to the presence 

of NAFLD 
Figure S3. Sensitivity analysis for the association between MVPA categories and the 

risk of having NAFLD. 

Supplementary methods: Liver fibrosis markers  
Non-invasive markers for liver fibrosis were used to define risk of fibrosis in this 
study, as follows:  
1. Fibrosis 4 Score (FIB-4) = (Age*AST) / (Platelets*√(ALT)), where age in years,

AST in IU/L, platelets in 109/L and ALT in IU/L.
2. AST to Platelet Ratio Index (APRI) = (AST in IU/L) / (AST Upper Limit of Normal

in IU/L) / (Platelets in 109/L).
3. NAFLD-Fibrosis Score (NFS) = -1.675 + (0.037*age [years]) + (0.094*BMI

[kg/m2]) + (1.13*IFG/diabetes [yes = 1, no = 0]) + (0.99*AST/ALT ratio) –
(0.013*platelet count [×109/L]) – (0.66*albumin [g/dl]).

References: 
1. Sterling RK, Lissen E, Clumeck N, et. al. Development of a simple noninvasive

index to predict significant fibrosis patients with HIV/HCV co-infection.
Hepatology 2006;43:1317-1325.

2. Lin ZH, Xin YN, Dong QJ, et al. Performance of the aspartate aminotransferase-
to-platelet ratio index for the staging of hepatitis C-related fibrosis: an updated
meta-analysis. Hepatology. 2011;53:726-36.

3. Angulo, Paul, et al. "The NAFLD fibrosis score: a noninvasive system that
identifies liver fibrosis in patients with NAFLD." Hepatology 45.4 (2007): 846-854.
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Table S1A. Characteristics of the study population, according to total daily-life MVPA 
categories 

Note: Data are presented as mean ± SD or median (25th to 75th percentile) and number (percentages, %). 
*Adjusted for age, sex and education. MVPA, moderate-to-vigorous activity level; BMI, body mass index; BP,
blood pressure; HDL, high density lipoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
ALP, Alkaline phosphatase; GGT, gamma-glutamyltransferase; NAFLD, Non-alcoholic fatty liver disease; IGM, 
impaired glucose metabolism. † P<0.05 vs. No-MVPA; ¶ P<0.05 vs. MVPA-Q5. ‡ P<0.001 vs. Between groups.
Significance tested using Bonferroni post hoc analysis and Pearson Chi-Square test.

Variable MVPA category
No-MVPA MVPA-Q1 MVPA-Q2 MVPA-Q3 MVPA-Q4 MVPA-Q5

N (%) 3,219 (7.5) 7,991 (18.7) 7,482 (17.5) 8,402 (19.7) 7,678 (18.0) 7,889 (18.5)
Total MVPA (min/week) 0 1-135 136-269 270-480 481-1105 1106-6840

Non-occupational 
MVPA*

0 14.7 (6.3-
23.1)

25.9 (17.2-
34.7)

50.3 (42.0-
58.7)

257.7 
(249.1-
266.4)

1533.9 
(1525.2-
1542.6)

Occupational MVPA* 0 70.8 (65.5-
76.2)

181.5 
(175.9-
187.0)

317.7 
(312.5-
322.9)

470.9 
(465.6-
476.4)

429.7 (424.2-
435.2)

Age (years) 46 (38-52)¶ 44 (37-51)† 

¶ 44 (36-51)† ¶ 45 (36-53)† 

¶
45 (36-52)† 

¶ 42 (34-49)† 

Male sex, n (%) 1,366 
(42.4)¶

2,773 
(34.7)† ¶

2,588 
(34.6)† ¶

3,142 
(37.4)† ¶

2,974 
(38.7)† ¶ 4,028 (51.1)† 

Education: Low, n (%)
631 (19.6)¶ 985 (12.3)† ¶ 861 (11.5)† ¶ 1,042 

(12.4)† ¶
1,220 
(15.9)† ¶ 1,678 (21.3)† 

Energy intake 
(kcal/day)

1882.8 ± 
565.1¶

1912.6 ± 
541.0† ¶

1917.2 ± 
530.2† ¶

1955.4 ± 
563.5† ¶

2003.0 ± 
608.3† ¶

2167.8 ± 
736.1† 

Smoking, n (%) 1,043 
(32.4)¶

1,716 
(21.5)† 

1,314 
(17.6)† ¶

1,378 
(16.4)† ¶

1,468 
(19.1)† ¶ 2,037 (25.8)† 

BMI (kg/m2) 27.1 ± 4.9¶ 26.1 ± 4.4† 25.7 ± 4.2† ¶ 25.7 ± 4.1† ¶ 25.8 ± 4.3† ¶ 26.2 ± 4.3† 

Waist in men (cm) 99.3 ± 11.6¶ 96.5 ± 10.4† 95.1 ± 10.2† 

¶
94.4 ± 10.1† 

¶
94.0 ± 10.5† 

¶ 95.0 ± 10.6† 

Waist in women (cm) 90.0 ± 13.1¶ 87.6 ± 12.1† 86.4 ± 11.9† 

¶
86.1 ± 11.8† 

¶
86.4 ± 11.9† 

¶ 87.1 ± 12.5† 

Systolic BP (mm Hg) 128.2 ± 
15.4¶

125.7 ± 
15.2† 

125.0 ± 
15.0† ¶

125.2 ± 
15.2† ¶

125.3 ± 
14.9† ¶ 126.3 ± 14.3† 

Total cholesterol 
(mmol/L)

5.07 ± 1.00¶ 5.01 ± 0.98 5.01 ± 0.98 
¶

5.00 ± 0.99† 

¶
4.97 ± 0.99† 

¶ 4.99 ± 0.95† 

HDL (mmol/L) in men 1.10 (1.0-
1.3)¶

1.20 (1.0-
1.4)† 

1.20 (1.1-
1.4)†¶

1.30 (1.1-
1.5)†¶

1.30 (1.1-
1.5)†¶

1.30 (1.1-
1.5)† 

HDL (mmol/L) in 
women

1.50 (1.2-
1.7)¶

1.50 (1.3-
1.8)† 

1.60 (1.3-
1.8)† ¶

1.60 (1.3-
1.8)† ¶

1.60 (1.3-
1.9)† ¶

1.50 (1.3-
1.8)† 

Triglycerides (mmol/L) 1.12 (0.8-
1.63)¶

1.01 (0.7-
1.44)† 

0.97 (0.7-
1.4)†¶

0.96 (0.7-
1.4)†¶

0.96 (0.7-
1.3)†¶

0.98 (0.7-
1.42)† 

Plasma glucose 
(mmol/L)

5.13 ± 0.89¶ 5.00 ± 0.76† 4.97 ± 0.72† 

¶
4.98 ± 0.74† 

¶
4.97 ± 0.69† 

¶ 5.01 ± 0.65† 

ALT (U/L) 20.0 (14-
30)¶

19.0 (14-
27)† 

19.0 (14-
27)† ¶

19.0 (14-
26)† ¶

19.0 (14-
26)† ¶ 20.0 (15-28)† 

AST (U/L) 22.0 (19-
26)¶

22.0 (19-
26)† ¶

22.0 (19-
26)† ¶

23.0 (19-
27)† ¶

23.0 (19-
27)† ¶ 23.0 (20-27)† 

ALP (U/L) 64.7 ± 18.2¶ 61.8 ± 18.0† 60.5 ± 16.3† 

¶
60.8 ± 16.5† 

¶
61.2 ± 16.7† 

¶ 61.6 ± 16.5† 

GGT (U/L) 23.0 (16-
34)¶

20.0 (15-
29)† 

20.0 (15-
28)† ¶

20.0 (14-
28)† ¶

19.0 (15-
27)† ¶ 21.0 (15-30)† 

NAFLD, n (%)
1061 (33.0)¶ 1811 (22.7)† 

1437 (19.2)† 

¶
1526 (18.2)† 

¶
1422 (18.5)† 

¶ 1824 (23.1)† 

IGM, n (%) 1,258 
(39.1)¶

2,688 
(33.6)† 

2,411 
(32.2)† ¶

2,846 
(33.9)† ¶

2,526 
(32.9)† ¶ 2,715 (34.4)† 

Diabetes, n (%) 164 (5.1)¶ 240 (3.0)† 182 (2.4)† ¶ 222 (2.6)† ¶ 214 (2.8)† ¶ 149 (1.9)† 
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Table S1B. Characteristics of the study population, according to non-occupational 
MVPA categories 

Note: Data are presented as mean ± SD or median (25th to 75th percentile) and number (percentages, %). 
*Adjusted for age, sex and education. MVPA, moderate-to-vigorous activity level; BMI, body mass index; BP,
blood pressure; HDL, high density lipoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
ALP, Alkaline phosphatase; GGT, gamma-glutamyltransferase; NAFLD, Non-alcoholic fatty liver disease; IGM, 
impaired glucose metabolism. † P<0.05 vs. No-MVPA; ¶ P<0.05 vs. MVPA-Q5. ‡ P<0.001 vs. Between groups.
Significance tested using Bonferroni post hoc analysis and Pearson Chi-Square test.

Variable MVPA category
No-MVPA MVPA-Q1 MVPA-Q2 MVPA-Q3 MVPA-Q4 MVPA-Q5

N (%) 5,272 (12.4) 7,527 (17.6) 8,248 (19.3) 6,650 (15.6) 7,479 (17.5) 7,485 (17.5)
Non-occupational 
MVPA (min/week)↨

0 1-90 91-180 181-292 293-464 465-1150

Age (years) 45 (37-50) 43 (36-50)† 44 (36-50) 44 (36-50)† 44 (35-52) 46 (37-55)†

Male sex, n (%)
2,654 (50.3)

2,837 
(37.7)†

3,022 
(36.6)†

2,327 
(35.0)†

2,825 
(37.8)† 3,206 (42.8)†

Education: Low, n (%)
1,201 (22.8)

1,091 
(14.5)†

1,112 
(13.5)† 797 (12.0)† 1,012 

(13.5)† 1,204 (16.1)†

Energy intake 
(kcal/day)

2002.8 ± 
655.1 

1981.7 ± 
535.4

1953.4 ± 
574.8†

1957.1 ± 
576.8†

1983.0 ± 
611.3

2021.9 ± 
632.8

Smoking, n (%)
1,823 (34.6)

1,798 
(23.9)†

1,698 
(20.6)†

1,178 
(17.7)†

1,237 
(16.5)† 1,222 (16.3)†

BMI (kg/m2) 29.9 ± 4.8 26.2 ± 4.5† 25.9 ± 4.3† 25.6 ± 4.2† 25.7 ± 4.1† 25.7 ± 4.0†

Waist in men (cm) 98.3 ± 11.5 96.4 ± 10.7† 95.7 ± 10.0† 94.0 ± 9.9† 94.0 ± 10.1† 93.5 ± 10.3†

Waist in women (cm) 90.0 ± 13.3 88.0 ± 12.4† 87.0 ± 12.0† 86.0 ± 11.8† 86.0 ± 11.7† 85.8 ± 11.7†

Systolic BP (mm Hg) 128.4 ± 
14.9

125.7 ± 
14.7†

125.3 ± 
14.9†

124.5 ± 
14.7†

125.1 ± 
15.1† 128.7 ± 15.1†

Total cholesterol 
(mmol/L)

5.07 ± 1.00 5.01 ± 0.98† 5.01 ± 0.98† 5.00 ± 0.99† 4.97 ± 0.99† 4.99 ± 0.95

HDL (mmol/L) in men 1.20 (1.0-
1.3)

1.20 (1.0-
1.4)†

1.20 (1.1-
1.4)†

1.30 (1.1-
1.5)†

1.30 (1.1-
1.5)†

1.30 (1.1-
1.5)†

HDL (mmol/L) in 
women

1.40 (1.2-
1.7)

1.50 (1.3-
1.8)†

1.50 (1.3-
1.8)†

1.60 (1.3-
1.8)†

1.60 (1.3-
1.9)†

1.60 (1.4-
1.9)†

Triglycerides (mmol/L) 1.11 (0.80-
1.63)

1.02 (0.73-
1.45)†

1.00 (0.72-
1.41)†

0.94 (0.70-
1.32)†

0.95 (0.70-
1.33)†

0.95 (0.70-
1.33)†

Plasma glucose 
(mmol/L)

5.11 ± 0.81 5.00 ± 0.76† 4.99 ± 0.73† 4.94 ± 0.65† 4.98 ± 0.72† 5.01 ± 0.77†

ALT (U/L)
21.0 (15-21)

19.0 (14-
27)†

19.0 (14-
27)†

19.0 (14-
26)†

19.0 (14-
26)† 20.0 (15-28)†

AST (U/L)
22.0 (19-27)

22.0 (19-
26)† 22.0 (19-26) 22.0 (19-26)

23.0 (20-
27)† 23.0 (20-28)†

ALP (U/L) 64.6 ± 17.8 62.0 ± 18.1† 60.3 ± 16.6† 60.3 ± 17.2† 60.8 ± 16.5† 61.0 ± 16.5†

GGT (U/L)
23.0 (16-34)

20.0 (15-
30)†

20.0 (15-
29)†

19.0 (14-
27)†

19.0 (15-
28)† 20.0 (15-28)†

NAFLD, n (%)
1,751 (33.2)

1,803 
(24.0)†

1,714 
(20.8)†

1,150 
(17.3)†

1,320 
(17.6)† 1,343 (17.9)†

IGM, n (%)
2,041 (38.7)

2,522 
(33.5)†

2,736 
(33.2)†

2,127 
(32.0)†

2,461 
(32.9)† 2,557 (34.2)†

Diabetes, n (%) 213 (4.0) 215 (2.9)† 222 (2.7)† 121 (1.8)† 187 (2.5)† 213 (2.8)†
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Table S2. Linear associations between MVPA and fatty liver biomarkers, according to 
sex, age and education 

Note: Linear regression analysis. Data are expressed as unstandardized B and 95% confidence interval (95% CI). 
MVPA, moderate-to-vigorous physical activity; FLI, fatty liver index; ALT alanine aminotransferase; AST, 
aspartate aminotransferase; ALP, Alkaline phosphatase,; BMI, body mass index; TG, triglycerides; GGT, gamma-
glutamyl transferase; NGM, normal glucose metabolism; IGM, impaired glucose metabolism; DM, diabetes 
mellitus. ¶ adjusted for age, sex, education, smoking and daily caloric intake. *P<0.05, **P<0.001. 

Table S3. Sensitivity analysis for dose-dependent association between MVPA and 
NAFLD  

MVPA
Model 1 Model 2
OR 95% CI P-value OR 95% CI P-value

Overall 
‘No MVPA Sport’ (ref) 1.0 1.0
MVPA-Q1 Sport 0.68 0.62-0.74 <0.001 0.69 0.63-0.74 <0.001
MVPA-Q2 Sport 0.68 0.61-0.77 <0.001 0.69 0.61-0.78 <0.001
MVPA-Q3 Sport 0.69 0.63-0.76 <0.001 0.69 0.63-0.77 <0.001
MVPA-Q4 Sport 0.65 0.59-0.71 <0.001 0.65 0.59-0.72 <0.001
MVPA-Q5 Sport 0.51 0.46-0.56 <0.001 0.51 0.46-0.57 <0.001

Note: Binary logistic regression analysis. Reference group is the ‘No MVPA’. Data are expressed as odds ratios 
(OR) and 95% confidence interval (95% CI). Model1: Adjusted for age, sex and education. Model2: Adjusted for 
age, sex and education, smoking and daily caloric intake. 

Unstandardized B (95% CI) ¶
MVPA Fatty liver biomarkers

FLI (score) ALT (U/L) AST (U/L) ALP (U/L)
Sex 
Male -0.060 (-0.068;-0.053)** -0.023 (-0.027;-0.019)** 0.008 (0.005;0.010)** -0.003 (-0.006;-0.001)* 
Female -0.062 (-0.071;-0.054)** 0.002 (-0.002;0.005) 0.011 (0.009;0.013)** -0.009 (-0.011;-0.006)** 
Education 
Low -0.051 (-0.064;-0.038)** -0.004 (-0.011;0.003)* 0.009 (0.005;0.013)* -0.004 (-0.008;0.000)** 
Medium -0.058 (-0.067;-0.050)** -0.010 (-0.014;-0.006)** 0.008 (0.006;0.010)** -0.006 (-0.008;-0.003)** 
High -0.068 (-0.077;-0.058)** -0.008 (-0.013;-0.004)** 0.011 (0.009;0.014)** -0.008 (-0.011;-0.005)** 
Age
<40 -0.049 (-0.059;-0.038)** -0.007 (-0.011;-0.002)** 0.009 (0.007;0.012)** -0.007 (-0.010;-0.004)** 
40-60 -0.058 (-0.066;-0.050)** -0.007(-0.011;-0.003)** 0.010 (0.007;0.012)** -0.009 (-0.011;-0.006)** 
>60 -0.074 (-0.088;-0.060)** -0.012 (-0.019;-0.005)* 0.003 (-0.001;0.007)* -0.008 (-0.013;-0.004)** 
MVPA Individual components of FLI

BMI (kg/m2) Waist (cm) TG (mmol/L) GGT (U/L)
Sex 
Male -0.007 (-0.009;-0.006)** -0.009 (-0.010;-0.008)** -0.031 (-0.036;-0.026)** -0.027 (-0.032;-0.023)** 
Female -0.010 (-0.011;-0.008)** -0.009 (-0.010;-0.008)** -0.016 (-0.020;-0.012)** -0.008 (-0.012;-0.005)** 
Education 
Low -0.009 (-0.012;-0.007)** -0.009 (-0.011;-0.007)** -0.019 (-0.027;-0.011)** -0.015 (-0.023;-0.008)** 
Medium -0.008 (-0.009;-0.006)** -0.009 (-0.010;-0.008)** -0.023 (-0.028;-0.018)** -0.018 (-0.022;-0.013)** 
High -0.009 -0.011;-0.008)** -0.010 (-0.011;-0.009)** -0.024 (-0.029;-0.019)** -0.015 (-0.020;-0.011)** 
Age
<40 -0.005 (-0.007;-0.004)** -0.007 (-0.008;-0.006)** -0.023 (-0.028;-0.018)** -0.012(-0.017;-0.007)** 
40-60 -0.008 (-0.009;-0.007)** -0.009 (-0.010;-0.008)** -0.022 (-0.026;-0.017)** -0.017 (-0.021;-0.012)** 
>60 -0.012 (-0.015;-0.010)** -0.011 (-0.013;-0.009)** -0.026 (-0.034;-0.018)** -0.026 (-0.034;-0.017)** 
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Table S3. (continued). 
MVPA

Model 1 Model 2
OR 95% CI P-value OR 95% CI P-value

NGM
‘No MVPA Sport’ (ref) 1.0 1.0
MVPA-Q1 Sport 0.65 0.56-0.74 <0.001 0.66 0.57-0.76 <0.001
MVPA-Q2 Sport 0.71 0.59-0.84 <0.001 0.72 0.60-0.86 <0.001
MVPA-Q3 Sport 0.72 0.62-0.83 <0.001 0.73 0.63-0.84 <0.001
MVPA-Q4 Sport 0.67 0.58-0.77 <0.001 0.68 0.59-0.78 <0.001
MVPA-Q5 Sport 0.57 0.49-0.66 <0.001 0.58 0.50-0.67 <0.001

IGM
‘No MVPA Sport’ (ref) 1.0 1.0
MVPA-Q1 Sport 0.75 0.66-0.86 <0.001 0.75 0.66-0.86 <0.001
MVPA-Q2 Sport 0.66 0.57-0.79 <0.001 0.67 0.56-0.80 <0.001
MVPA-Q3 Sport 0.66 0.57-0.76 <0.001 0.65 0.56-0.76 <0.001
MVPA-Q4 Sport 0.65 0.57-0.75 <0.001 0.64 0.56-0.74 <0.001
MVPA-Q5 Sport 0.50 0.42-0.58 <0.001 0.49 0.42-0.58 <0.001

DM
‘No MVPA Sport’ (ref) 1.0 1.0
MVPA-Q1 Sport 0.64 0.42-0.99 0.044 0.63 0.41-0.98 0.040
MVPA-Q2 Sport 0.89 0.47-1.68 0.073 0.86 0.45-1.62 0.063
MVPA-Q3 Sport 0.87 0.55-1.38 0.054 0.86 0.54-1.37 0.052
MVPA-Q4 Sport 0.60 0.38-0.95 0.003 0.58 0.37-0.92 0.019
MVPA-Q5 Sport 0.34 0.19-0.60 <0.001 0.32 0.18-0.56 <0.001

Table S4. Association between MVPA and NAFLD by alcohol consumption 

Alcohol categories MVPA categories 
Risk of NAFLD
OR 95% CI P-value 

Tertile 1 
(0-1.6)*
n=10,991

‘No MVPA’ (ref) 1.00 - -
MVPA-Q1 0,74 0.64-0.86 <0.001
MVPA-Q2 0,63 0.54-0.74 <0.001
MVPA-Q3 0,52 0.44-0.62 <0.001
MVPA-Q4 0,57 0.48-0.67 <0.001
MVPA-Q5 0,49 0.41-0.57 <0.001

Tertile 2 
(1.61-6.71)*
n=10,943

‘No MVPA’ (ref) 1.00 - -
MVPA-Q1 0,80 0.67-0.95 0.012
MVPA-Q2 0,68 0.57-0.81 <0.001
MVPA-Q3 0,59 0.49-0.71 <0.001
MVPA-Q4 0,48 0.40-0.58 <0.001
MVPA-Q5 0,45 0.37-0.54 <0.001

Tertile 3 
(6.72-27.9)*
n=11,049

‘No MVPA’ (ref) 1.00 - -
MVPA-Q1 0,83 0.70-0.97 0.023
MVPA-Q2 0,63 0.54-0.75 <.001
MVPA-Q3 0,52 0.44-0.63 <0.001
MVPA-Q4 0,51 0.43-0.60 <0.001
MVPA-Q5 0,46 0.39-0.54 <0.001

Note: Binary logistic regression analysis. Reference group is the ‘No MVPA’. Data are expressed as odds ratios 
(OR) and 95% confidence interval (95% CI). Analysis was adjusted for age, sex, education, smoking and daily 
caloric intake. * Alcohol intake (g/day) was expressed as minimum-maximum. 
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Table S4. (continued).  
Alcohol categories MVPA categories 

Risk of NAFLD
OR 95% CI P-value 

Excessive users
(20-107.8)*
n=2,908

‘No MVPA’ (ref) 1.00 - -
MVPA-Q1 0,91 0.65-1.19 0.589
MVPA-Q2 0,77 0.54-1.12 0.153
MVPA-Q3 0,90 0.60-1.34 0.595
MVPA-Q4 0,59 0.40-0.86 0.006
MVPA-Q5 0,64 0.45-0.93 0.019

Figure S1. Flowchart of the study population 
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Figure S2. Daily-life moderate-to-vigorous physical activity, according to the 
presence of NAFLD. 
Note: Data are presented as minutes per week adjusted for age, sex and education. Non-occupational MVPA 
included commuting and leisure-time physical activity.   

Figure S3. Sensitivity analysis for the association between MVPA categories and the 
risk of having NAFLD. 
Note: Binary logistic regression analysis. Data are presented as odds ratio (95% CI). Error bars indicate 95% 
confidence interval (95%CI). References were each ‘No MVPA’ group from the six categories of total and non-
occupational daily-life MVPA respectively in the analyses. Analysis was adjusted for age, sex and education, 
smoking and daily caloric intake. OR, odds ratio; MVPA, moderate to vigorous activity; Q=quintile. 
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ABSTRACT 

Background: Whether all domains of daily-life moderate-to-vigorous physical 
activity (MVPA) are associated with lower blood pressure (BP) and how this 
association depends on age and body mass index remains unclear.  

Methods and results: In the population-based Lifelines cohort (N=125,402), MVPA 
was assessed by the Short Questionnaire to Assess Health Enhancing Physical 
Activity, a validated questionnaire in different domains such as commuting, leisure-
time and occupational PA. BP was assessed using the last 3 of 10 measurements 
after 10 minutes’ rest in the supine position. Hypertension was defined as systolic BP 
>= 140 mm Hg and/or diastolic BP >= 90 mm Hg and/or use of antihypertensive. In 
regression analysis, higher commuting and leisure-time but not occupational MVPA 
related to lower BP and lower hypertension risk. Commuting-and-leisure-time MVPA 
was associated with BP in a dose-dependent manner. Beta-coefficients (95%CI) from 
linear regression analyses were -1.64 (-2.03; -1.24), -2.29 (-2.68; -1.90) and finally -
2.90 (-3.29; -2.50) mm Hg systolic BP for the low, middle and highest tertile of MVPA 
compared with ‘No-MVPA’ as the reference group after adjusting for age, sex, 
education, smoking and alcohol use. Further adjustment for body mass index 
attenuated the associations by 30 to 50%, but more MVPA remained significantly 
associated with lower BP and lower risk of hypertension. This association was age 
dependent. Beta-coefficients (95%CI) for the highest tertiles of commuting-and-
leisure-time of MVPA were -1.67 (-2.20; -1.15), -3.39 (-3.94; -2.82) and -4.64 (-6.15; 
-3.14) mm Hg systolic BP in adults <40, 40-60 and >60 years respectively.  

Conclusions: Higher commuting and leisure-time but not occupational MVPA were 
significantly associated with lower BP and lower hypertension risk at all ages, but 
these associations were stronger in older adults. 

Keywords: Blood pressure, commuting activity, domain-specific physical activity, 
hypertension, leisure-time activity, occupational activity  
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INTRODUCTION 

Hypertension is one of the most common disorders in the general population, with 
90% of lifetime risk for elderly individuals [1]. Previous meta-analyses have indicated 
that exercise training is a relatively cost-effective intervention in the management of 
hypertension, even more so than pharmacological treatment [2-3]. However, little is 
known about the potential benefits of different domains of daily-life physical activity 
on blood pressure, especially from large-population based studies [4-5]. In addition, 
a growing body of evidence is showing that occupational physical activity (OPA) has 
no benefit on health [4, 6-7]. Therefore, one critical step in exploring benefits of 
physical activity on blood pressure is to evaluate its benefit across the major domains 
of daily-life activities.  

Previous studies have tended to focus on the benefit of leisure-time physical 
activity on reducing the risk of hypertension and lowering blood pressure (BP) [2-3, 
8-9]. However, only a few observational studies have attempted to explore the 
impact of other domains, mostly with small sample sizes [4-5]. A meta-analysis 
reported that OPA does not reduce the risk of hypertension [4]. However, a recent 
study showed that OPA lowers the risk of mortality in patients with high blood 
pressure [10]. Furthermore, several studies have shown that active transportation 
(commuting) is beneficial for reducing the risk of hypertension, but others have 
found no association [5-6, 10]. Another issue is that although OPA and commuting 
physical activity are the major contributors to total daily-life physical activity, these 
domains are not differentiated in the clinical guidelines [11-12], but may be an 
important attribute, of relevance similar to intensity and duration. Therefore, there is 
a need to investigate whether domain-specific physical activity confers the same 
impact on blood pressure and the risk of having hypertension. We describe the 
following domains in this study: leisure-time, commuting and occupational. Physical 
activities in the leisure-time domain refer to activities that are chosen for pleasure or 
relaxation such as walking, cycling and sports. Commuting physical activity is 
considered as the activity to travel between the place of residence and work or 
study. Occupational activity refers to activities that are done on purpose, related to 
one’s occupation. 

The aim of this study was to investigate the associations of different domains of 
daily-life physical activity such as commuting, leisure-time, and occupational with BP 
level and the risk of having hypertension. Furthermore, it was studied whether the 
associations depend on body mass index (BMI) categories and on age over the life 
course in a large cohort representative of the general population. 
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METHODS 

Data source and study population 
Lifelines is a multidisciplinary prospective population-based cohort and bio-bank of 
more than 167,000 people living in the north of the Netherlands. It employs a broad 
range of investigative procedures in assessing the biomedical, sociodemographic, 
behavioral, physical, and psychological factors that contribute to the health and 
disease of the general population, with a special focus on multimorbidity and 
complex genetics. Participants were recruited via general practitioners; subsequently, 
family members were invited to participate; and, finally, adults could self-register to 
participate. The Lifelines cohort does not enable public data sharing. The cohort’s 
data are available only to researchers who, upon approval of a submitted research 
proposal, have signed a Data/Material Transfer Agreement. The study was conducted 
according to the Helsinki Declaration and was approved by the medical ethical review 
committee of the University Medical Center Groningen, the Netherlands. All 
participants provided their written informed consent [13-14].  

In this cross-sectional study of the adult subsample (18-93 years) of the Lifelines 
cohort, we included subjects of Western European origin.15 Participants who had 
missing data needed to evaluate BP parameters: systolic BP (SBP) and diastolic BP 
(DBP) and to assess physical activity were excluded. We also excluded pregnant 
women in this study. Furthermore, participants with a history of coronary heart 
disease, stroke, heart failure, and renal failure and participants who had implausible 
data related to physical activity measurement (time spent in activities listed in the 
Short Questionnaire to Assess Health-Enhancing Physical Activity [SQUASH] ≥ 18 
h/day)16 were excluded. A total of 125 402 participants were included in the current 
analysis (Figure S1). 

Assessment of physical activity 
Physical activity was assessed using the SQUASH, a questionnaire estimating habitual 
physical activities, referring to a normal week [17]. Questions for each reported 
activity consist of 3 main parts: days per week (frequency), average time per day 
(duration), and effort. Each activity in minutes per week was calculated by 
multiplying frequency (days/week) by duration (min/day). Then, the activities were 
assigned to a certain level of intensity, indicated by the metabolic equivalent of task 
(MET) value of the activity [17-18]. MET values were assigned to all activities in the 
questionnaire with the help of Ainsworth’s Compendium of Physical Activities 2011 
[19]. Using these MET values in combination with the reported efforts, as explained 
in the study of Wendel-Vos et al, [18] each activity in minutes per week were 
classified into light (< 4.0 MET), moderate (4.0 to < 6.5 MET), and vigorous ≥ 6.5 
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MET) intensity. The SQUASH questionnaire has been validated in the general 
population [17].  

In this study, we used activity minutes per week only at the moderate-to-
vigorous level in different domains such as commuting, leisure-time, and 
occupational. Total minutes for each domain-specific moderate-to-vigorous physical 
activity (MVPA) were calculated by summing up the all MVPA minutes for domain-
related activities. For instance, leisure-time MVPA was the sum of MVPA minutes per 
week in leisure time walking, cycling, gardening, doing odd jobs around the house, 
and sports. In addition, total daily-life MVPA was calculated by the sum of all 
domainspecific MVPA: commuting, leisure-time and occupational. Furthermore, 
leisure-time MVPA was combined with commuting MVPA, as active commuting of 
high intensity and longer duration is often replacing sports activities, like cycling, in 
the setting of the Netherlands. Finally, total and each domain specific (total physical 
activity, commuting-and-leisure-time physical activity, commuting physical activity, 
leisure-time physical activity, and OPA) MVPA minutes per week were classified as 
one of the following categories separately: “No MVPA” (the people who did not 
perform physical activity at a moderate-to-vigorous level) and tertiles of MVPA from 
low (tertile 1, MVPA-T1), middle (tertile 2, MVPA-T2) to high (tertile 3, MVPA-T3). 
Thus, T0, T1, T2, and T3 were considered as “inactive,” “not very active,” “active,” 
and “very active,” respectively. 

Blood pressure and hypertension 
Blood pressure parameters were obtained with an automated device (DinaMap, PRO 
100V2, GE Healthcare, Freiburg, Germany) in a quiet room with room temperature 
after 10 minutes’ rest in the supine position [13-14]. The size of the cuff was chosen 
according to the arm circumference. Ten measurements were taken in a period of 10 
minutes. The average of the final 3 readings was used for each blood pressure 
parameter (systolic and diastolic). Pulse pressure was calculated as the difference 
between systolic and diastolic BP.  

Hypertension was defined as SBP ≥ 140 mm Hg and/or DBP ≥ 90 mm Hg and/or 
use of antihypertensive medication. The definition of medication use was based on 
Anatomical Therapeutic Chemical codes using recorded medication data: C02 
(antihypertensives), C03 (diuretics), C07 (beta blocking agents), C08 (calcium 
channel blockers) and C09 (agents acting on the renin-angiotensin system) [12, 20].  

Other measurements and definitions 
Body weight and height were measured to calculate BMI as the ratio between weight 
(kg) and the square of height (m). Blood samples were collected in the fasting state 
and analyzed on the day of collection at the Department of Laboratory Medicine of 
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the University Medical Center Groningen, the Netherlands (Supplementary 
methods) [13-14].  

Education level was categorized as low, medium and high (Supplementary 
methods). Current smoking was categorized as non-smokers or smokers. From the 
Food Frequency Questionnaire, daily caloric intake and alcohol intake were calculated 
and  presented as kilocalories per day (kcal/day) and grams of alcohol per day 
(gr/day). Definitions for cardiovascular diseases, renal failure and type 2 diabetes 
mellitus are described in supplementary methods.  

Statistical analysis 
General characteristics were expressed as means with a standard deviation (SD) for 
normally distributed variables, medians with interquartile range (25th to 75th 
percentile) for non-normally distributed variables or numbers with percentages (%) 
for categorical variables in total, normotensive, and hypertensive participants. The 
differences between  normo- and hypertensives were compared using regression 
analyses with age and sex as covariates (adjusted P values were reported).   

Linear regression analysis was performed to evaluate the association between 
MVPA and blood pressure parameters including SBP, DBP, and pulse pressure. In this 
analysis, we created dummy exposure variables for each physical activity domain for 
comparison between the reference group (No MVPA) and tertiles of MVPA at each 
domain (T1-3). Outcomes were presented as unstandardized beta-coefficients with 
95% 95%CIs. Furthermore, binary logistic regression analysis was used to calculate 
odds ratios (OR) for risk of having hypertension associated with MVPA categories 
(tertiles of each domain) versus the ‘No MVPA’ (inactive) category. In the regression 
analyses, the basic model was adjusted for age, square of age (age2, because age 
may be non-linearly related to outcome), sex, and education. In model 1, we added 
current smoking (yes/no) and alcohol consumption (g/day) as potential lifestyle 
confounders to the basic model. Model 2 was adjusted for BMI in addition to model 
1. In linear regression analyses, the effect of medication was corrected by adding 15
and 10 mm Hg to SBP and DBP, respectively, for participants who reported using 
antihypertensives (10.8%) [21]. All the regression analyses were repeated for 
different age categories (<40, 40-60, and >60 years) and BMI categories (BMI < 
25kg/m2, 25-30 kg/m2 and > 30kg/m2). Interaction effects were also tested with age 
and BMI separately in the association of physical activity with outcome variables.  

As mentioned above, blood pressure was corrected for the use of 
antihypertensive medication in the main analysis. In a sensitivity analysis, we 
compared  the beta coefficients from linear regression analyses to adjust for 
medication use in different ways, first, using the uncorrected blood pressure, and 
then looking into the association of physical activity with BP in two groups according 
to hypertensive status (normotensive and hypertensive). In this analysis, we 
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adjusted for age, age2, sex, education, smoking, and alcohol use. Thereafter, we 
additionally adjusted for antihypertensive medication use in the group with 
hypertension, using a term for medication effect in the association between physical 
activity and BP.  

All statistical analyses were carried out using IBM SPSS version 22.0 (IBM, 
Chicago, IL) and Prism version 4.03 (GraphPad Software, La Jolla, CA). A 2-sided 
statistical significance was set at P<0.05 for all tests.  

RESULTS 

The number of hypertensive people accounted for 24.4% of the total population. 
Hypertensive people were older, more frequently men with lower education levels, 
more likely to have diabetes mellitus, and less frequently smokers (Table 1).  

Table 1. General characteristics of the study population 
Variable Total

(n=125,402)
Normotensive
(n=94,760)

Hypertensive
(n=30,642)

P value

Age (years) 45 (36-51) 42 (33-49) 49 (43-60) <0.0001
Male sex, % (n) 40.5 (50,762) 38.8 (32,930) 44.1 (17,832) <0.0001
Education: Low, % (n) 27.7 (34,758) 23.8 (20,185) 36.0 (14,573) <0.0001*
Current smoking, % (n) 21.2 (26,553) 22.5 (19,104) 18.4 (7,449) <0.0001*
Alcohol use, (gr/day) 3.87 (0.86-10.3) 3.84 (0.97-9.86) 3.91 (0.72-11.65) <0.0001*
Daily caloric intake (kcal/day) 1995.4 ± 616.8 1956.5 ± 606.4 2012.8 ± 620.6 <0.0001*
BMI (kg/m2) 26.0 ± 4.3 25.2 ± 3.9 27.7 ± 4.6 <0.0001*
Waist in men (cm) 95.0± 10.8 92.6 ± 9.9 99.4 ± 10.8 <0.0001*
Waist in women (cm) 86.6 ± 12.2 84.4 ± 11.2 91.6 ± 12.9 <0.0001*
Systolic BP (mm Hg) 125.3 ± 15.2 119.8 ± 10.4 142.1 ± 15.4 NA
Diastolic BP (mm Hg) 73.7 ± 9.3 71.2 ± 7.4 81.5 ± 10.3 NA
Pulse pressure (mm Hg) 51.6 ± 11.0 48.7 ± 8.5 60.6 ± 12.9 NA
Total cholesterol (mmol/L) 5.08 ± 1.00 4.99 ± 0.97 5.28 ± 1.01 0.114*
Triglyceride (mmol/L) 1.17 ± 0.81 1.08 ± 0.71 1.36 ± 0.95 <0.0001*
HDL-C in men (mmol/L) 1.31 ± 0.32 1.33 ± 0.31 1.28 ± 0.32 <0.0001*
HDL-C in women (mmol/L) 1.62 ± 0.40 1.63 ± 0.39 1.59 ± 0.40 <0.0001*
LDL-C (mmol/L) 3.23 ± 0.91 3.15 ± 0.90 3.42 ± 0.92 0.001*
FPG (mmol/L) 4.99 ± 0.81 4.89 ± 0.68 5.23 ± 1.01 <0.0001*
Diabetes, % (n) 3.0 (3,766) 1.4 (1,157) 6.4 (2,609) <0.0001*
Total MVPA (min/week) 310 (120-770) 325 (130-796) 300 (120-720) <0.0001*
No MVPA, % (n) 9.9 (12,408) 9.1 (7,871) 11.7 (4,537) <0.0001*

Note: Data are presented as mean ± SD or median (25th to 75th percentile) and number (percentages, %). BMI, 
body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; FPG, fasting plasma glucose; MVPA, moderate-to-vigorous physical activity; NA, not applicable. 
*Adjusted for age and sex

Furthermore, daily caloric intake and alcohol consumption were higher in the 
hypertensive group. Hypertensive people had a larger waist circumference and 
higher BMI. Finally, higher concentrations of total cholesterol, low-density lipoprotein 
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cholesterol, and fasting plasma glucose and lower concentration of high-density 
lipoprotein cholesterol were observed in hypertensives compared with normotensives 
(all P<0.0001) (Table 1). The mean of SBP steadily increased with age, while DBP 
no longer increased in the older age group (>40 y, Figure S2). According to the 
level of physical activity, people in all inactive groups at leisure-time and commuting 
activities had higher BMI and higher concentrations of total cholesterol and 
triglycerides and were more likely to have diabetes mellitus compared with the 
highest tertiles of each domain (Table S1). Conversely, a higher BMI and a higher 
concentration of triglycerides were noted in the group with the highest level of 
occupational physical activity compared with the inactive group. Moreover, they were 
more frequently smokers and had a higher consumption of alcohol intake. 
Furthermore, we stratified level of daily-life physical activities, according to age 
(Figure S3). This shows that older adults performed more moderate activities such 
as nonsport leisure-time activities, while more vigorous activities are noted in 
younger adults. 

Figure 1. Associations between domain-specific MVPA and blood pressure. (A) 
Systolic blood pressure. (B) Diastolic blood pressure. 
Note: Regression analysis. Determinants are dummy variables of each domain. The dummy variables were 
created for comparison between the reference group (T0) and tertiles of MVPA (T1-3). Outcomes were presented 
as unstandardized beta-coefficients with 95%CI. Analysis adjusted for age, age2, sex and education (Basic 
model). CPA, commuting physical activity; LTPA, leisure-time physical activity; OPA, occupational physical 
activity; TPA, total physical  activity; CLTPA, commuting-and-leisure-time physical activity; T, tertile; BP, blood
pressure. T0, T1, T2 and T3 indicate ‘inactive’, ‘not very active’, ‘active’, and ‘very active’ separately.
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In regression analysis, higher commuting and leisure-time, but not occupational 
MVPA were associated with lower BP (basic model, Figure 1).  

Figure 1 (Continued). 

The associations remained materially unchanged after adjustments for other 
potential confounders (model 1, Table S2). Only leisure-time MVPA was associated 
with BP in a dose-dependent manner. Beta coefficients (95%CI) were -1.25 (-1.60; -
0.89), -1.85 (-2.22; -1.49) and -2.25 (-2.61; -1.89) mm Hg for SBP and -0.62 (-0.84; 
-0.39), -0.87 (-1.10; -0.64) and -1.23 (-1.46; -1.01) mm Hg for DBP for the low, 
middle and highest tertile of MVPA, respectively compared with ‘No MVPA’ in the 
leisure-time domain as the reference group. The combined effect of commuting and 
leisure-time MVPA together was stronger than for individual domains or total daily-
life MVPA (Figure 1 and Table 2). This combined time of 2 domains will be 
presented and named as “commuting-and-leisure-time” in later sections. 
Furthermore, commuting-and-leisure-time MVPA was dose-dependently associated 
with lower pulse pressure. In logistic regression analysis, likewise, leisure-time MVPA 
was dose-dependently associated with lower hypertension risk (Table S2B). In 
contrast, commuting MVPA tertiles did not show dosedependent associations. 
Compared with “No MVPA” of each domain, the odds ratios (95% CI) for the highest 
tertiles of commuting and leisure-time MVPA were 0.78 (0.73–0.83) and 0.74 (0.70–
0.79), respectively. Furthermore, dosedependent risk reduction was observed when 
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combining commuting and leisure-time activities but not when occupational MVPA 
was included in total MVPA. The odds ratios (95% CI) for commuting-and-leisure-
time MVPA tertiles were 0.82 (0.77–0.87), 0.73 (0.69–0.78), and 0.69 (0.65–0.74) 
compared with “No MVPA”. 

Further adjustment for BMI attenuated the associations by 30% to 50%. Both 
commuting and leisure-time MVPA domains remained significantly associated with BP 
and hypertension risk, independent of BMI (Model 2, Table S2). There was no 
significant interaction between commuting-and-leisure-time MVPA and BMI.  

Table 2. Associations of commuting-and-leisure-time MVPA with blood pressure and 
hypertension risk 

Physical activity Unstandardized beta (95% CI), mm Hg
Basic Model Model 1 Model 2

A. Systolic BP
CLTPA-T0 - - -
CLTPA -T1 -1.55 (-1.94;-1.16)*** -1.64 (-2.03;-1.24)*** -0.99 (-1.37;-0.61)***
CLTPA -T2 -2.17 (-2.56;-1.78)*** -2.29 (-2.68;-1.90)*** -1.27 (-1.64;-0.89)***
CLTPA -T3 -2.75 (-3.13;-2.36)*** -2.90 (-3.29;-2.50)*** -1.68 (-2.06;-1.30)***
B. Diastolic BP
CLTPA-T0 - - -
CLTPA -T1 -0.79 (-1.04;-0.55)*** -0.85 (-1.09;-0.60)*** -0.55 (-0.79;-0.31) ***
CLTPA -T2 -1.02 (-1.27;-0.78)*** -1.11 (-1.35;-0.87)*** -0.63 (-0.87;-0.39)***
CLTPA -T3 -1.38 (-1.63;-1.14)*** -1.49 (-1.73;-1.24)*** -0.92 (-1.16;-0.68)***
C. Pulse pressure
CLTPA-T0 - - -
CLTPA -T1 -0.76 (-1.04;-0.48)*** -0.79 (-1.06;-0.51)*** -0.42 (-0.71;-0.17)**
CLTPA -T2 -1.15 (-1.42;-0.87)*** -1.19 (-1.46;-0.91)*** -0.64(-0.91;-0.37)***
CLTPA -T3 -1.36 (-1.64;-1.09)*** -1.41 (-1.68;-1.13)*** -0.76 (-1.03;-0.49)***
D. Hypertension Odds Ratio (95%CI)

Basic Model Model 1 Model 2
CLTPA-T0 1.0 1.0 1.0
CLTPA -T1 0.83 (0.78; 0.88)*** 0.82 (0.77; 0.87)*** 0.88 (0.83; 0.94)**
CLTPA -T2 0.74 (0.70; 0.79)*** 0.73 (0.69; 0.78)*** 0.83 (0.78; 0.88)***
CLTPA -T3 0.71 (0.66; 0.75)*** 0.69 (0.65; 0.74)*** 0.81 (0.76; 0.86)***

Note: Regression analyses between MVPA and blood pressure or hypertension risk. Determinants are dummy 
exposure variables for commuting-leisure-time MVPA for comparison between the reference group (No MVPA, 
T0) and tertiles of MVPA at each domain (T1-3). Data are expressed as unstandardized beta coefficient or odds 
ratio with 95% confidence interval (95% CI). MVPA, moderate-to-vigorous physical activity, BP, blood pressure. 
T=tertile. ***P<0.0001, **P<0.001, *P<0.05.
Basic model: age, age2, sex and education 
Model 1: age, age2, sex, education, smoking and alcohol consumption 
Model 2: age, age2, sex, education, smoking, alcohol consumption and BMI 

Moreover, there were no differences between BMI groups with regard to beta-
coefficients and risk of having hypertension (Table 3).  

The associations of commuting-and-leisure-time MVPA with SBP and pulse 
pressure, but not DBP were age-dependent and stronger in older adults (test for 
interaction P<0.01, Figure 2A through 2C and Table S3). Moreover, associations 
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remained dose dependent over the age groups. For example, the association 
between commuting-and-leisuretime MVPA and pulse pressure was dose dependent 
and age dependent as well (Figure 2C).  

Table 3. Associations of MVPA with blood pressure or risk of having hypertension, 
according to BMI 

BMI MVPA Unstandardized beta (95% CI), mm Hg Odds Ratio (95%CI)
Systolic BP Diastolic BP Hypertension

<25 CLTPA-T0 - - 1.0
CLTPA-T1 -1.00 (-1.58; -0.42)** -0.76 (-1.13; -0.39)*** 0.85 (0.75; 0.96)**
CLTPA-T2 -1.11 (-1.68; -0.54)*** -0.61 (-0.98; -0.25)** 0.84 (0.75; 0.95)**
CLTPA-T3 -1.74 (-2.31; -1.16)*** -1.06 (-1.43; -0.70)*** 0.80 (0.71; 0.90)***

25-30 CLTPA-T0 - - 1.0
CLTPA-T1 -0.97 (-1.58; -0.37)** -0.38 (-0.76; 0.01) 0.88 (0.80; 0.96)**
CLTPA-T2 -1.65 (-2.25; -1.04)*** -0.75 (-1.14; -0.37)*** 0.80 (0.73; 0.88)***
CLTPA-T3 -1.97 (-2.57; -1.36)*** -0.88 (-1.27; -0.50)*** 0.77 (0.70; 0.84)***

>30 CLTPA-T0 - - 1.0
CLTPA-T1 -1.45 (-2.37; -0.52)** -0.50 (-1.07; 0.07) 0.90 (0.79; 1.02)
CLTPA-T2 -1.69 (-2.63; -0.75)*** -0.70 (-1.28; -0.12)* 0.77 (0.68; 0.88)***
CLTPA-T3 -1.33 (-2.29; -0.36)** -0.63 (-1.22; -0.03)* 0.85 (0.75; 0.97)*

Note: Regression analysis between MVPA and blood pressure or  hypertension risk across different BMI level 
(<25, 25-30 and >30). Determinants are dummy exposure variables for each physical activity domain for 
comparison between the reference group (No MVPA, T0) and tertiles of MVPA at each domain (T1-3). Data are 
expressed as beta coefficient or odds ratio with 95% confidence interval (95% CI). BMI, body mass index; MVPA, 
moderate-to-vigorous physical activity; CLTPA, commuting-and-leisure-time PA; T, tertile. All analyses adjusted 
for age, age2, sex, education, smoking and alcohol consumption. ***P<0.0001, **P<0.001, *P<0.05.

Figure 2. Association of commuting-and-leisure-time MVPA with blood pressure and 
hypertension risk, according to age. (A) Systolic blood pressure. (B) Diastolic blood 
pressure. (C) Pulse pressure. (D) Hypertension risk. 
Note: Regression analysis for at different life stages (<40, 40-60 and >60). Determinants are dummy variables of 
MVPA. The dummy variables were created for comparison between the reference group (T0) and tertiles of 
MVPA (T1-3). Outcomes were presented as unstandardized beta-coefficients and odds ratio with 95% confidence 
intervals (95%CI). Analysis adjusted for age, age2, sex, education, smoking and alcohol consumption (Model 1). 
MVPA, moderate-to-vigorous physical activity; T, tertile, SBP, systolic blood pressure; DBP, diastolic blood 
pressure. T0 (black), T1 (dark blue), T2 (blue) and T3 (light blue) indicate ‘inactive’, ‘not very active’, ‘active’, and 
‘very active’ separately. 
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Figure 2 (Continued). 

Beta-coefficients (95%CI) for lowest versus highest tertiles of commuting-and-
leisure-time MVPA were -0.29 (-0.68;-0.09) versus -0.56 (-0.95;-0.16), -0.91 (-1.29;-
0.53) versus -1.69 (-2.08;-1.31) and -1.53 (-2.68; -0.38) versus -3.15 (-4.22;-2.10) 
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mm Hg for SBP in adults <40, 40 to 60, and >60 years, respectively. Furthermore, 
dose-dependency was observed in the association between MVPA and hypertension 
risk in older age groups (>40 years, Figure 2D). 

In the sensitivity analysis, similar dose-dependent associations as in the main 
analysis were observed in both normotensive and hypertensive people (Table 4). 
The benefit of commuting-and-leisure-time MVPA was virtually unchanged after 
adjusting for antihypertensive medication use in hypertensive people (10.8% users). 

Table 4. Sensitivity analysis for the antihypertensive medication effect in the 
association between commuting-and-leisure-time MVPA and pulse pressure, 
according to hypertensive status 

MVPA^

Unstandardized beta (95% CI), mm Hg Pulse pressure
Normotensive subjects Hypertensive subjects
Model 1 Model 1 Model 1 + adjustment for 

antihypertensive medication
CLTPA-T0 0 (Reference) 0 (Reference) 0 (Reference)
CLTPA-T1 -0.35 (-0.63;-0.06)* -0.53 (-1.01;-0.42)* -0.55 (-0.25;-0.02)*
CLTPA-T2 -0.59 (-0.88;-0.31)* -0.68 (-1.16;-0.20)* -0.70 (-0.24;-0.02)*
CLTPA-T3 -0.62 (-0.94;-0.37)* -1.05 (-1.53;-0.57)* -1.13 (-0.24;-0.04)*

Note: Stratified linear regression analysis between MVPA and pulse pressure. Data are expressed as 
unstandardized beta coefficients with 95% confidence interval (95% CI). Model 1 was adjusted for age, age2, sex, 
education, smoking and alcohol consumption. ^Commuting-and-leisure-time PA. CLTPA, commuting-and-leisure-
time PA; MVPA, moderate-to-vigorous physical activity. *P<0.05.

DISCUSSION 

In line with previous studies, we found that an increased level of physical activities in 
the leisure-time domain is associated with lower BP or hypertension risk [2-3, 8-9]. 
Furthermore, among domain-specific physical activities, the potential benefit of daily-
life physical activity on BP is most prominent for leisuretime MVPA in our study. We 
also found a dose-response relationship of leisure-time MVPA with BP and 
hypertension risk, demonstrating that more physical activity is more beneficial. 
Moreover, with regard to the dose dependency, even a leisure-time MVPA level lower 
than the recommendation (>150 min/week), [11-12] that is, the lowest level of 
MVPA (MVPA-T1), was better than being entirely inactive (No MVPA) in our study. 
Therefore, our large population-based study supports the notion that increased daily-
life physical activity, especially in the leisure-time domain, is of fundamental 
importance for the management of hypertension [11]. 

Our study shows that not only physical activity during leisure time, but also 
increased commuting MVPA may be a way to improve the management of 
hypertension. It could be an option for meeting the recommended level of daily-life 
MVPA, and a combination of commuting and leisure-time MVPA benefit BP more. 
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Several but not all studies agree with our findings [5, 22-23]. Treff et al [5] (n=13 
857) identified a positive association between commuting physical activity and BP in 
women. Lu et al [22] (n=84 000) found no association between commuting physical 
activity and BP. Kwasniewska et al [23] (n=6401) concluded that increasing 
commuting physical activity level may have an influence on reducing the prevalence 
of metabolic syndrome but is not associated with physical activity parameters. Those 
inconsistent findings might be partly explained by the definition of commuting 
physical activity. The above studies did not distinguish intensity of commuting 
physical activity and included more light-intensity physical activity like walking. For 
instance, Treff et al [5] included many noncycling participants in the assessment of 
the commuting activity domain (91.8% of participants). We focused on only 
moderate-to-vigorous physical activity during commuting, such as cycling or intense 
walking (only brisk walking). Cycling was the major contributor to the commuting 
domain (95.6% of all active commuters) in our study. Laverty et al [24] (n=20 458) 
also showed that more vigorous forms of commuting physical activity are more 
beneficial. Milett et al [25] (n=3902) compared risk ratios for mode of travel to work 
including walking, cycling, and private and public transport, and showed that only 
cycling was significantly associated with lower odds of hypertension after adjustment 
for various confounders. Therefore, we conclude that commuting physical activity at 
a more vigorous level is associated with lower BP.  

We did not find a beneficial effect of occupational moderate-to-vigorous physical 
activity on BP and hypertension risk. In line with our results, a growing body of 
evidence is showing that OPA has no benefit on health [4, 6-7, 26–29]. For instance, 
a meta-analysis of 13 prospective cohort studies indicated that OPA is not beneficial 
in terms of protection against hypertension [4]. There was no significant association 
of both moderate and high levels of occupational PA with risk of hypertension 
compared with lower level of occupational physical activity, while there was a dose-
response risk reduction of nonoccupational physical activity with hypertension in their 
pooled analysis. Moreover, Andersen and Jensen [29] reported that work-time 
activity had no effect on population BP. In contrast to our findings, the EPIC-Florence 
cohort found a significant inverse association between OPA and DBP but not SBP 
[30]. Fan et al [10] identified a beneficial effect of OPA in people with hypertension 
in relation to cardiovascular mortality showing that higher OPA is associated with 
lower mortality risk. A renowned study of Morris and Heady [31] showed a significant 
difference in cardiovascular disease risk for “double-decker bus drivers” versus 
“conductors who repeatedly walk up and down the bus stairs frequently,” suggesting 
that a physically active occupation is healthier than a sedentary type of occupation. 
Thus, if physical activity at work requires more dynamic activities with enough impact 
on cardiac output, it might have a beneficial effect on health. However, most of the 
occupation-related MVPA consists of heavy lifting or pushing and extreme bending or 
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twisting of the neck or back without longer periods of rest for recovery [27]. The 
types of occupations related to high occupational MVPA in our study included 
occupations such as “metal, machinery, and related trade work,” “handicraft and 
printing work,” and “other mechanics and repairs.” Of course, there may be the 
possibility of (residual) confounding by sex, work-related stress, unhealthy 
environment with dust, inflammation, and body weight. For instance, Holtermann et 
al [32] found that occupational physical activity predicted all-cause mortality and 
myocardial infarction in men but not in women (test for interaction, P=0.02). We 
partly adjusted for confounders such as sex, education, and BMI in our study. Taken 
together, we suggest that it is important to be aware that occupational MVPA should 
not be considered as a substitute for leisure-time MVPA or should not be considered 
a measure of healthy daily-life physical activity.  

In our study, the associations of daily-life MVPA with BP and hypertension risk 
remained significant after adjusting for BMI, showing that a beneficial effect of 
physical activity on BP is independent of BMI. However, the associations attenuated 
by 30% to 50% after adjustment. This might be explained by the fact that obesity is 
a major risk factor for hypertension and one way in which physical activity lowers BP 
through body weight control [11-12]. Furthermore, we show that the association 
between MVPA and blood pressure is present, regardless of BMI category. This is in 
line with previous studies [32-33]. A review of both observational and intervention 
studies showed that higher baseline physical activity was associated with a lower 
incidence of hypertension regardless of BMI, and that increased physical activity 
reduced BP independently from weight loss [33] A very recent meta-analysis of 24 
prospective cohort studies reported that there was no significant difference between 
overweight and normal-weight participants in the association between physical 
activity and risk of hypertension [34]. In conclusion, our data support that the 
associations of MVPA with BP are partly mediated by BMI, but also that higher MVPA 
can be related to lower BP independent of BMI.  

We found that the association of commuting-and-leisuretime MVPA with systolic 
BP but not diastolic BP is age dependent. This may partly be explained by age-
related changes in BP such as a steady increase in SBP and marked decrease in DBP 
at older ages [35]. Moreover, a stronger association between MVPA and 
hypertension in older adults might be related to an age-related increased risk for 
hypertension in older adults [1, 35]. However, despite the strong age-related effects, 
the dose dependency between MVPA and BP or hypertension risk remained present 
over all age groups, suggesting that more MVPA is more beneficial. For example, a 
higher MVPA was also associated with pulse pressure in an age- and dose-dependent 
manner in our study. Thus, we suggest that active people at any age are more likely 
to have healthier BP and lower hypertension risk.  



Chapter 3

64
64 

The main strength of our study is its large sample size from the general 
population, which allows us to estimate the effect of major domains of daily-life 
physical activity on BP and risk of having hypertension overall and in various 
subgroups by age and by BMI categories with sufficient statistical power. The 
Lifelines study population previously has been shown to be representative of the 
population of the north of the Netherlands, indicating that the risk of selection bias is 
low and risk estimates can be generalized to the general population [15]. 
Furthermore, another strength is that measurement of BP parameters was accurately 
performed with a standard protocol. Using the last 3 of 10 readings of BP after 10 
minutes’ rest in the supine position will have largely avoided a white coat effect on 
readings of BP parameters. However, there are some limitations to our study. A 
limitation is our assessment of physical activity, which is based on selfreport and is 
subject to recall bias. However, the SQUASH is validated in the general population 
with the Spearman correlation coefficient for reproducibility of 0.58 [17]. Moreover, 
other validation studies tested reproducibility of the questionnaire for men and 
women, for patients, and for multiethnic Dutch people including various age groups. 
Results showed high test-retest reliability scores between 0.6 and 0.8 within intervals 
of 6 to 8 weeks [17, 36-37]. Another limitation is that we could not control for the 
effect of salt intake, which can be a confounder in the association of MVPA and BP. 
Furthermore, our study design was cross sectional. It is, therefore, not possible to 
rule out reverse causality. People with hypertension may have changed their physical 
activity behavior after being told that they need to take antihypertensive medication. 
The use of antihypertensives also influences BP recordings. Therefore, we corrected 
the BP of people taking medication in the main analysis and performed a sensitivity 
analysis using uncorrected BP. In the sensitivity analysis, findings were similar as in 
the main analysis. 

CONCLUSIONS 

To conclude, commuting and leisure-time MVPA, but not occupational MVPA, were 
significantly associated with lower BP and lower risk for hypertension over all ages 
and BMI categories, with a stronger association in older adults. Taking into account 
the differential association for occupational and nonoccupational activities, we 
believe current guidelines for the prevention of hypertension should indicate whether 
an individual can reach the recommended level of MVPA in different domains of 
daily-life activities, such as commuting and occupational MVPA, or if this should be 
achieved by leisure-time activities only. The present study suggests focusing on 
leisure-time physical activity, but commuting physical activity could also be included 
in the recommendation for daily-life physical activity if the commuting physical 
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activity is to be of the more vigorous kind. Also, when using accelerometers, this 
aspect should be taken into consideration when making interpretations. Furthermore, 
we suggest that occupational MVPA should be evaluated more closely to see when it 
can be considered as beneficial. 
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CLINICAL PERSPECTIVES: 

1) What is new?
 Benefit of daily-life moderate-to-vigorous physical activity on blood pressure

depends on the domain of physical activity, be it leisure time, commuting or
occupational and higher levels of occupational activity are not directly associated
with lower blood pressure the same way that leisure-time or commuting physical
activity is.

 The potentially favorable effect of commuting and leisure-time physical activity
were independent of BMI categories

 By being more active at commuting and leisure-time domains, older individuals
have a relatively larger reduction in systolic blood pressure or pulse pressure than
younger adults.

2) What are the clinical implications?
The domain of daily-life physical activity may be an important attribute, and should 
potentially be recommended in the clinical guidelines for hypertension, similarly to 
intensity and duration.  
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SUPPLEMENTARY MATERIALS 

Contents 
Method 1. Anthropometry and laboratory measurements 
Method 2. Definition of lifestyle confounders and diseases 
Table S1. General characteristics of the study population, according to domain-

specific physical activity level 
Table S2A Associations of domain-specific MVPA with blood pressures 
Table S2B Associations of domain-specific MVPA with hypertension risk 
Table S3. Associations of domain-specific MVPA with blood pressures (by age) 
Figure S1. Flowchart of the study population 
Figure S2. Adjusted mean of blood pressure, according to age 
Figure S3.  Level of daily-life physical activity according to age 

Supplementary methods: 
1. Anthropometry and laboratory measurements
Body height, weight, waist circumference, and blood pressure were measured by a 
fixed staff of well-trained research assistants using standardized protocols. Body 
weight was measured to the nearest 0.1 kg in light clothing and in the fasting state 
after urination. Height and waist circumference were measured to the nearest 0.5 
cm. Height was measured with a wall-mounted stadiometer placing their heels 
against the rod and the head in Frankfort Plane position. Waist circumference was 
measured in standing position with a tape measure all around the body, at the level 
midway between the lower rib margin and the iliac crest.[1][2] 

The blood samples were collected in the fasting state, between 8.00 and 10.00 
a.m. and analyzed on the day of collection at the Department of Laboratory Medicine 
of the University Medical Center Groningen, the Netherlands. Participants were 
requested to fast for at least 12 hours prior to the blood draw. Fasting blood glucose 
was measured by the hexokinase method. Serum levels of total and HDL cholesterol 
were measured using an enzymatic colorimetric method, triglycerides using a 
colorimetric UV method, and LDL-C using an enzymatic method, all on a Roche 
Modular P chemistry analyzer (Roche, Basel, Switzerland). [1][2] 

2. Definition of lifestyle confounders and diseases
Education level: Education was categorized as low (no education, primary education, 
lower or preparatory vocational education and lower general secondary education), 
medium (intermediate vocational education or apprenticeship, higher general senior 
secondary education or pre-university secondary education) and high (higher 
vocational education and university).  
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Current smoking: Smoking status was categorized as non-smokers and smokers. 
Non-smokers were those who had not smoked during the last month and had also 
never smoked for longer than a year.  

Daily caloric intake and alcohol intake: Data on daily caloric and alcohol intake 
were collected from a food frequency questionnaire and presented as kilocalories a 
day (kcal/day) and grams of alcohol a day (gr/day). The calculation was based on 
intake frequency and the average number of units consumed on a day (divided the 
number of alcoholic drinks/week by 7). In the Netherlands a standard unit contains 
9.9 grams of alcohol. For each type of alcoholic beverage, respondents indicated 
whether they consumed it never (0%), sometimes (30%), often (70%) or always 
(100%).[1][2] 

Disease: Cardiovascular disease was assigned if participants self-reported one of 
the following disease symptoms to occur: heart failure, atrial fibrillation, vascular 
diseases (myocardial infarction, stroke, aneurysm) and used medications related to 
these symptoms (beta-blockers, angiotensin converting enzyme inhibitors, diuretics, 
vitamin K antagonist, statins, aspirin and clopidogrel). Information on diagnosis of 
renal failure was derived from a self-reported questionnaire. Type 2 diabetes mellitus 
(T2DM) was defined if participants who had self-reported T2DM or fasting blood 
glucose ≥ 7.0 mmol/L or HbA1c ≥ 6.5% or use of anti-T2D medication(s) or use of 
glucose-lowering agents (Anatomical therapeutic chemical codes A10A and 
A10B).[3][4][5] 

References: 
4. Stolk RP, Rosmalen JGM, Postma DS, de Boer RA, Navis G, Slaets JPJ, et al.
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6. N. G. Forouhi . B. Balkau . K. Borch-Johnsen, et al. On behalf of EDEG, The
threshold for diagnosing impaired fasting glucose: a position statement by the
European Diabetes Epidemiology Group. Diabetologia (2006) 49: 822–827. DOI
10.1007/s00125-006-0189-4.

7. World Health Organization. Definition and diagnosis of diabetes mellitus and
intermediate hyperglycemia: report of a WHO/IDF consultation.

8. WHO Collaborating Centre for Drug W, Norwegian Institute of Public Health N.
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Table S1. General characteristics of the study population, according to domain-
specific physical activity level 
Variables Category of physical activity

T0 T1 T2 T3
TPA N 9.9 (12,408) 30.0 (37,665) 29.4 (36,904) 30.6 (38,425)

MVPA (min/week) 0 1-183 184-479 480-6840
Age (years) 45.89 ± 11.9 44.16 ± 12.1*** 44.06 ± 12.9*** 43.98 ± 12.7***
Male gender, % (n) 45.1 (5,595) 35.8 (13,740)*** 38.1 (14,103)*** 45.9 (17,324)
Education: Low, % (n) 35.2 (4,363) 25.1 (9,626)*** 23.5 (8,653)*** 32.1 (12,116)**
Smoking, % (n) 32.6 (4,042) 20.7 (7,968)*** 17.3 (6,357)*** 21.7 (8,186)***
Alcohol use, (gr/day) 2.92 (9.64) 3.38 (8.67)** 4.16 (8.94)*** 4.7 (10.31)***
BMI (kg/m2) 27.1 ± 4.9 26.0 ± 4.3*** 25.6 ± 4.1*** 25.9 ± 4.2***
Total cholesterol (mmol/L) 5.19  ± 1.02 5.07  ± 0.99*** 5.05  ± 0.99***  5.07  ± 1.00***  
Triglyceride (mmol/L) 1.35  ± 0.98 1.18  ± 0.84*** 1.12  ± 0.73*** 1.15  ± 0.77*** 
Diabetes, % (n) 5.1 (628) 3.1 (1,175)*** 2.6 (959)*** 2.7 (1,004)***

LTPA N 17.1 (21,387) 29.1 (36,456) 25.2 (31,607) 28.7 (35,952)
MVPA (min/week) 0 3-120 121-295 300-4200
Age (years) 44.23 ± 11.6 44.27 ± 12.3 44.33 ± 12.9 44.15 ± 13.1

Male gender, % (n) 46.6 (9,975) 37.8 (14,329)*** 36.9 (11,762)*** 43.0 
(14,696)***

Education: Low, % (n) 35.4 (7,573) 26.7 (10,129)*** 24.8 (7,895)*** 26.8 (9,161)***
Smoking, % (n) 32.3 (6,912) 21.4 (8,100)*** 17.5 (5,595)*** 17.4 (5,946)***
Alcohol use, (gr/day) 3.87 (9.90) 3.54 (8.66)*** 3.91 (8.61)*** 4.59 (8.93)
BMI (kg/m2) 26.8 ± 4.8 26.0 ± 4.3*** 25.8 ± 4.1*** 25.6 ± 4.0***
Total cholesterol (mmol/L) 5.13  ± 1.00 5.08  ± 1.00*** 5.06  ± 0.99*** 5.06  ± 1.00***
Triglyceride (mmol/L) 1.31  ± 0.94 1.18  ± 0.84*** 1.12  ± 0.74*** 1.11  ± 0.72*** 
Diabetes, % (n) 4.0 (850) 3.1 (1,180)*** 2.6 (839)*** 2.6 (897)***

CPA N 65.1 (81,587) 12.3 (15,399) 12.1(15,215) 10.5 (13,201)
MVPA (min/week) 0 1-50,0 51-120 122-1140
Age (years) 45.3 ± 12.6 42.67 ± 12.2*** 42.59 ± 11.8*** 41.89 ± 12.8***
Male gender, % (n) 44.0 (35,862) 27.5 (4,049)*** 32.1 (4,771)*** 42.7 (6,080)**
Education: Low, % (n) 29.4 (24,027) 26.6 (3,922)*** 22.9 (3,405)*** 23.9 (3,404)***
Smoking, % (n) 22.8 (18,367) 19.5 (2,875)*** 17.8 (2,645)*** 16.8 (2,396)***
Alcohol use, (gr/day) 3.45 (10.29) 3.52 (9.03)*** 3.87 (8.87)*** 5.16 (9.96)*
BMI (kg/m2) 26.3 ± 4.3 25.5 ± 4.2*** 25.3 ± 4.2*** 25.3 ± 4.0***
Total cholesterol (mmol/L) 5.12  ± 1.00 5.02  ± 0.98*** 5.01  ± 0.98*** 5.00  ± 1.00***
Triglyceride (mmol/L) 1.22  ± 0.86 1.08  ± 0.67*** 1.08  ± 0.66*** 1.11  ± 0.73***
Diabetes, % (n) 3.5 (2,868)*** 2.1 (303)*** 2.1 (305)*** 2.0 (290)***

OPA N 78.7 (98,752) 7.3 (9,103) 6.9 (8,661) 7.1 (8,886)
MVPA (min/week) 0 1-480 484-1348 1350-6720

Age (years) 45.13 ± 12.8 40.8 ± 11.8*** 41.01 ± 10.8*** 41.13 ± 
10.7***

Male gender, % (n) 39.0 (38,477) 39.4 (3,483) 35.3 (3,142)*** 63.5 (5,660)***
Education: Low, % (n) 26.3 (25,983) 28.4 (2,504)*** 32.1 (2,859)*** 38.3 (3,412)***
Smoking, % (n) 19.8 (19,520) 22.8 (2,012)*** 25.8 (2,292)*** 30.6 (2,729)***
Alcohol use, (gr/day) 3.71 (9.1) 3.88 (9.27)* 3.41 (9.02) 5.86 (11.01)***
BMI (kg/m2) 25.9 ± 4.3 25.8 ± 4.3 26.1 ±  4.5*** 26.3 ± 4.2***
Total cholesterol (mmol/L) 5.10  ± 1.00 4.96  ± 0.98*** 4.97  ± 0.97*** 5.01  ± 0.98***
Triglyceride (mmol/L) 1.17  ± 0.81 1.16  ± 0.78 1.13  ± 0.70*** 1.25  ± 0.90***
Diabetes, % (n) 3.2 (3,175) 2.3 (202)*** 2.2 (8,867) 2.2 (194)

Note: Data are presented as mean ± SD and number (percentages, %). MVPA are presented as minimum-
maximum. The differences between groups were compared using ANOVA or the Mann-Whitney U test for 
continuous variables. The frequency distributions of categorical variables were analysed using the Pearson Chi-
Square test. MVPA, moderate-to-vigorous physical  activity; TPA, total physical activity; LTPA, leisure-time PA; 
CPA, commuting PA; OPA, occupational PA; BMI, body mass index. ***Indicates a significant difference within 
each physical activity group relative to the reference group of inactive (T0); P value ≤ 0.000. **Indicates a 
significant difference within each physical activity group relative to the reference group of inactive (T0); P value ≤ 
0.001. *Indicates a significant difference within each physical activity group relative to the reference group of 
inactive (T0); P value ≤ 0.05.



3

Physical activity and blood pressure

71
71 

Table S2A. Associations of domain-specific MVPA with blood pressure 
Domains MVPA Unstandardized beta (95% CI), mm Hg

Model 1 Model 2
Systolic BP
Commuting CPA-T0 - -

CPA-T1 -1.57 (-1.93;-1.22)*** -0.96 (-1.30;-0.61)***
CPA-T2 -1.65 (-2.00;-1.29)*** -0.91 (-1.25;-0.57)***
CPA-T3 -1.65 (-2.03;-1.27)*** -0.94 (-1.30;-0.57)***

Leisure-time LTPA-T0 - -
LTPA-T1 -1.25 (-1.60;-0.89)*** -0.66 (-1.01;-0.32)***
LTPA-T2 -1.85 (-2.22;-1.49)*** -1.04 (-1.39;-0.69)***
LTPA-T3 -2.25 (-2.61;-1.89)*** -1.27 (-1.61;-0.92)***

Occupational OPA-T0 - -
OPA-T1 0.10 (-0.28;0.48) 0.04 (-0.32; 0.41)
OPA-T2 -0.10 (-0.49;0.29) -0.32 (-0.69; 0.06)
OPA-T3 0.57 (0.18;0.97)** 0.40 (0.02; 0.78)*

Diastolic BP
Commuting CPA-T0 - -

CPA-T1 -0.77 (-0.99;-0.54)*** -0.48 (-0.70;-0.26)***
CPA-T2 -0.74 (-0.96;-0.52)*** -0.39 (-0.61;-0.18)***
CPA-T3 -0.52 (-0.76;-0.28)*** -0.19 (-0.42; 0.05)

Leisure-time LTPA-T0 - -
LTPA-T1 -0.62 (-0.84;-0.39)*** -0.35 (-0.56;-0.13)**
LTPA-T2 -0.87 (-1.10;-0.64)*** -0.49 (-0.72;-0.27)***
LTPA-T3 -1.23 (-1.46;-1.01)*** -0.77 (-0.99;-0.55)***

Occupational OPA-T0 - -
OPA-T1 0.21 (-0.03; 0.45) 0.19 (-0.05; 0.42)
OPA-T2 -0.21 (-0.46; 0.03) -0.32 (-0.55;-0.08)*
OPA-T3 -0.32 (-0.57;-0.07)* -0.40 (-0.64;-0.16)**

Pulse pressure
Commuting CPA-T0 - -

CPA-T1 -0.81 (-1.06;-0.56)*** -0.48 (-0.72;-0.23)***
CPA-T2 -0.91 (-1.16;-0.66)*** -0.52 (-0.76;-0.27)***
CPA-T3 -1.13 (-1.40;-0.86)*** -0.75 (-1.01;-0.49)***

Leisure-time LTPA-T0 - -
LTPA-T1 -0.63 (-0.88;-0.38)*** -0.32 (-0.56;-0.07)*
LTPA-T2 -0.98 (-1.24;-0.72)*** -0.55(-0.80;-0.29)***
LTPA-T3 -1.02 (-1.27;-0.77)*** -0.49 (-0.74;-0.25)***

Occupational OPA-T0 - -
OPA-T1 -0.11 (-0.38;0.16) -0.14 (-0.40; 0.12)
OPA-T2 0.12 (-0.16;0.39) 0.01(-0.27; 0.27)
OPA-T3 0.89 (0.61;1.17)** 0.80 (0.53; 1.07)*

Note: Regression analysis between domain-specific MVPA and blood pressure. Determinants are dummy 
exposure variables for each physical activity domain for comparison between the reference group (No MVPA, T0) 
and tertiles of MVPA at each domain (T1-3). Data are expressed as unstandardized beta coefficient with 95% 
confidence interval (95% CI). MVPA, moderate-to-vigorous physical activity; CPA, commuting PA; LTPA, leisure-
time PA; OPA, occupational PA; T, tertile. 
Model 1: age, age2, gender, education, smoking and alcohol consumption 
Model 2: age, age2, gender, education, smoking and alcohol consumption and  BMI 
***P<0.0001, **P<0.001, *P<0.05.
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Table S2B. Associations of domain-specific MVPA with risk of having hypertension 
Domains MVPA

Odds Ratio (95%CI)
Basic Model Model 1 Model 2

Commuting CPA-T0 1.0 1.0 1.0
CPA-T1 0.81 (0.76; 0.87)*** 0.81 (0.76; 0.86)*** 0.86 (0.81; 0.92)***
CPA-T2 0.81 (0.76; 0.86)*** 0.80 (0.76; 0.86)*** 0.87 (0.81; 0.92)***
CPA-T3 0.78 (0.73; 0.84)*** 0.78 (0.73; 0.83)*** 0.84 (0.78; 0.90)***

Leisure-time LTPA-T0 1.0 1.0 1.0
LTPA-T1 0.86 (0.82; 0.92)*** 0.86 (0.81; 0.91)*** 0.92 (0.87; 0.98)**
LTPA-T2 0.76 (0.73; 0.82)*** 0.76 (0.72; 0.81)*** 0.85 (0.80; 0.90)***
LTPA-T3 0.76 (0.71; 0.80)*** 0.74 (0.70; 0.79)*** 0.85 (0.80; 0.90)***

Occupational OPA-T0 1.0 1.0 1.0
OPA-T1 1.00 (0.94; 1.07) 1.00 (0.94; 1.07) 0.99 (0.92; 1.06)
OPA-T2 0.99 (0.93; 1.06) 0.99 (0.93; 1.06) 0.96 (0.90; 1.03)
OPA-T3 1.06 (0.99; 1.13) 1.05 (0.98; 1.12) 1.00 (0.97; 1.11)

Note: Logistic regression analysis between domain-specific MVPA and hypertension risk. Determinants are 
reference group (No MVPA, T0) and tertiles of MVPA at each domain (T1-3). Data are expressed as odds ratio 
with 95% confidence interval (95% CI). MVPA, moderate-to-vigorous physical activity; CPA, commuting PA; 
LTPA, leisure-time PA; OPA, occupational PA; T, tertile. ***P<0.0001, **P<0.001, *P<0.05.
Basic model: age, age2, gender and education, Model 1: age, age2, gender, education, smoking and alcohol 
consumption 
Model 2: age, age2, gender, education, smoking, alcohol consumption and BMI. 

Table S3. Associations of domain-specific MVPA with blood pressures (by age) 
Age MVPA Unstandardized beta (95% CI), mm Hg

Systolic BP Diastolic BP Pulse pressure
<40 Commuting

CPA-T1 -0.94 (-1.41;-0.48)*** -0.54 (-0.86;-0.53)** -0.40 (-0.75;-0.05)*
CPA-T2 -1.50 (-1.97;-1.03)*** -0.85 (-1.16;-0.23)*** -0.66 (-1.00;-0.31)***
CPA-T3 -1.57 (-2.04;-1.11)*** -0.55 (-0.86;-0.07)* -1.02 (-1.37;-0.68)***
Leisure-time
LTPA-T1 -0.69 (-1.16;-0.23)*** -0.38 (-0.69;-0.07)* -0.31 (-0.66; 0.03)
LTPA-T2 -1.16(-1.64;-0.68)*** -0.68 (-1.01;-0.36)*** -0.47 (-0.83;-0.11)*
LTPA-T3 -1.25 (-1.73;-0.78)*** -0.87 (-1.19;-0.55)*** -0.38 (-0.74;-0.02)*
Occupational 
OPA-T1 -0.04 (-0.51; 0.43) 0.10 (-0.21; 0.42) -0.15 (-0.50; 0.20)
OPA-T2 0.45 (-0.04; 0.93) -0.12 (-0.44; 0.21) 0.57 (0.21; 0.93)**
OPA-T3 0.91 (0.45; 1.37)** -0.18 (-0.49; 0.14) 1.08 (0.74; 1.43)**

40-60 Commuting
CPA-T1 -1.57 (-2.10;-1.04)*** -0.87 (-1.20;-0.53)*** -0.70 (-1.06;-0.34)***
CPA-T2 -1.68 (-2.19;-1.16)*** -0.76 (-1.09;-0.43)*** -0.91 (-1.26;-0.57)***
CPA-T3 -1.53 (-2.07;-0.98)*** -0.73 (-1.07;-0.38)*** -0.80 (-1.17;-0.43)***
Leisure-time
LTPA-T1 -1.52 (-2.02;-1.01)*** -0.77 (-1.09;-0.45)*** -0.74 (-1.09;-0.40)***
LTPA-T2 -2.29 (-2.81;-2.20)*** -1.05 (-1.38;-0.71)*** -1.24 (-1.60;-0.88)***
LTPA-T3 -2.72 (-3.25;-1.10)*** -1.37 (-1.70;-1.04)*** -1.36 (-1.71;-1.01)***
Occupational 
OPA-T1 0.42 (-0.16; 0.99) 0.22 (-0.14; 0.58) 0.20 (-0.09; 0.58)
OPA-T2 0.25 (-0.81; 0.31) -0.36 (-0.71;-0.01) 0.11 (-0.27; 0.49)
OPA-T3 0.02 (0.57; 0.60)* -0.52 (-0.88;-0.15)* 0.53 (0.14; 0.93)*
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Table S3. (Continued).  
Age MVPA Unstandardized beta (95% CI), mm Hg

Systolic BP Diastolic BP Pulse pressure
>60 Commuting

CPA-T1 -3.77 (-5.29;-2.25)** -1.23 (-2.05;-0.41)** -2.54 (-3.61;-1.47)***
CPA-T2 -1.85 (-3.56;-0.15)* -0.61 (-1.53; 0.31) -1.24 (-2.44;-0.04)*
CPA-T3 -2.31 (-3.99;-0.64)* -0.89 (-1.79; 0.01) -1.42 (-2.60;-0.25)*
Leisure-time
LTPA-T1 -1.59 (-3.08;-0.10)* -0.43 (-1.24; 0.37) -1.15 (-2.20;-0.11)*
LTPA-T2 -3.40 (-4.89;-1.90)*** -0.75 (-1.56; 0.06) -2.65(-3.70;-1.59)***
LTPA-T3 -3.76 (-5.24;-2.28)*** -1.17 (-1.97;-0.37)** -2.59 (-3.63;-1.55)***
Occupational 
OPA-T1 0.52 (-0.15; 2.18) 0.62 (-0.64; 1.16) 0.26 (-0.91; 1.43)
OPA-T2 -1.42 (-4.09; 1.24) -0.78 (-2.22; 0.65) -0.64 (-2.51; 1.24)
OPA-T3 1.42 (-1.74; 4.55)* 1.11 (-0.59; 2.80)* 0.30 (-1.91; 2.51)*

Note: Regression analysis between domain-specific MVPA and blood pressure at different life stages (<40, 40-60
and >60). Determinants are dummy variables of MVPA. The dummy variables were created for comparison 
between the reference group (T0) and tertiles of MVPA (T1-3). Outcomes were presented as unstandardized 
beta-coefficients with 95% confidence intervals (95%CI). Analysis adjusted for age, age2, gender, education, 
smoking and alcohol consumption (Model 1). MVPA, moderate-to-vigorous physical activity; T, tertile; BP, blood 
pressure; CPA, commuting PA; LTPA, leisure-time PA; OPA, occupational PA. ***P<0.0001, **P<0.001, *P<0.05. 

Figure S1. Flowchart of the study population. 
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Figure S2. Adjusted mean of blood pressure, according to age. 
Note: Blood pressure parameters are expressed as mm Hg and adjustments for gender and education 

Figure S3. Level of daily-life physical activity according to age  
MVPA (min/week) are expressed as adjusted means (adjusted for age, gender, education) for total and domain- 
and intensity- specific physical activities. MVPA=moderate-to-vigorous physical  activity. 

Systolic BP Diastolic BP Pulse
pressure

<40 121.27 70.8 50.47
40-60 126.05 75.38 50.67
>60 134.34 75.39 58.95
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ABSTRACT 

Objectives: We investigated associations between daily-life physical activity (PA) 
and prospective weight gain in non-obese people. We also examined whether these 
associations are independent of other lifestyle factors and changes in muscle mass 
and whether they are age-dependent and change over a person’s life course. 
Methods: The data were extracted from the Lifelines cohort study (N=52,498; 
43.5% men) and excluded obese individuals (BMI>30kg/m2). We used the validated 
Short Questionnaire to Assess Health Enhancing  Physical Activity (SQUASH) 
questionnaire to estimate moderate-to-vigorous (MVPA; MET≥4), moderate (MPA; 
MET between 4 and 6.5) and vigorous PA (VPA; MET≥6.5) within non-occupational 
(commuting and leisure) and occupational domains. Body weight was objectively 
measured and changes were standardized over a 4-year period. Separate analyses, 
adjusted for age, educational level, diet, smoking, alcohol consumption and changes 
in creatinine excretion (a marker of muscle mass), were performed for men and 
women. 
Results: The average weight gain was +0.45±0.03 kg in women. Non-occupational 
MVPA, MPA and VPA were associated with less gain in body weight in women after 
adjusting for potential confounders, described above. Beta coefficients (95%CI) for 
the MVPA>0, MPA>0 and VPA>0 relative to each reference groups (No-MVPA, No-
MPA and No-VPA) were, respectively -0.34 (-0.56;-0.13), -0.32 (-0.54;-0.10) and -
0.30 (-0.43;-0.18) kg. These associations were dose-dependent when using four sets 
of PA categories. Beta-coefficients (95%CI) for the lowest, middle, and highest MVPA 
tertiles relative to the ‘No-MVPA’ were, respectively, -0.24 (-0.47;-0.02), -0.31 (-
0.53;-0.08), and -0.38 (-0.61;-0.16) kg. The average weight gain in men was 
+0.13±0.03 kg, and only non-occupational VPA was associated with less body weight 
gain. Beta-coefficients (95%CI) for the VPA tertiles relative to the ‘No-VPA’ group 
were, respectively, -0.25 (-0.42;-0.09), -0.19 (-0.38;-0.01) and -0.20 (-0.38;-0.02) 
kg. However, after adjusting for potential confounders, the association was no longer 
significant in men. The potential benefits of non-occupational PA were age-stratified 
and mainly observed in younger adults (men: <35 years; women: <55 years). 
Moreover, occupational MVPA was not associated with favourable changes in body 
weight in males and females. 
Conclusion: Higher non-occupational MVPA, MPA and VPA were associated with less 
weight gain in women <55 years. In younger men (<35 years), only non-
occupational VPA was associated with less weight gain. 

Keywords: physical activity, weight gain prevention, moderate-to-vigorous physical 
activity, occupational physical activity, life course 
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INTRODUCTION 

Obesity contributes to the development of a number of chronic diseases, such as 
type 2 diabetes, cardiovascular diseases, and certain cancers [1]. Obesity rates 
among adults nearly trebled between 1975 and 2016 [2], and the epidemic 
proportions of obesity and obesity-related diseases continue to pose major health 
problems, globally. The global rate of type 2 diabetes among adults rose from 4.7% 
in 1980 to 8.5% in 2014 [1]. while one-third of all deaths worldwide are attributed to 
cardiovascular diseases [3]. With obesity acknowledged as the underlying cause of 
these health concerns, attention has shifted to the primordial prevention of obesity in 
non-obese people, necessitating the development and improvement of strategies for 
preventing weight gain. Genetic, socio-economic, and environmental factors 
generally account for body weight gain [1, 4-5]. These factors influence energy 
balance-related behaviors that determine energy intake and expenditure. The 
primordial prevention of excessive calorie intake and of low levels of energy 
expenditure (i.e., low physical activity) constitute the main strategy for reducing the 
risk of weight gain [1, 5-6].  

Previous studies have mainly focused on the benefits of increased physical 
activity (PA) as a strategy for promoting body weight loss and for preventing the 
regaining of body weight in obese individuals [5]. They have shown that individuals 
who become more active lose more body weight. Several large-scale studies have 
found that PA plays a role in the prevention of body weight gain [7-9]. By contrast, 
other studies have found no association between baseline PA and changes in body 
weight during follow-up assessments [10-13]. In some studies that mostly included 
small sample sizes, this association was only observed in subgroups, for example, in 
normal weight, female, or younger adults [14-15]. Therefore, large-scale population-
based studies that test the benefits of PA across groups differentiated by age and 
sex are required. Moreover, little is known about how the intensity and type of daily-
life PA impact on its association with prospective changes in body weight. Although 
clinical guidelines recommend that physical activities should be conducted at 
moderate-to-vigorous and not at light intensity levels, most previous studies focused 
on total PA, including light PA [10-16]. Moreover, there are still unanswered 
questions as to whether vigorous PA is necessary for achieving a health benefit. Not 
all individuals are able or willing to perform vigorous PA, and this may not even be 
necessary if a moderate intensity level is in fact effective. Furthermore, it is not clear 
whether all types of activities can contribute to the recommended amount of daily 
PA. There is emerging evidence that occupational moderate-to-vigorous PA (MVPA) 
may not have the same level of health benefits as do physical activities conducted at 
leisure [17-18].  
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To address these questions, we investigated the associations of daily-life PA at 
different intensities (moderate or vigorous) within different domains (non-
occupational and occupational) relating to 4-year changes in body weight in non-
obese adults. We also examined whether these associations are independent of other 
lifestyle factors, such as diet, smoking and alcohol use, and changes in creatinine 
excretion, which is a marker of muscle mass. Furthermore, we examined whether the 
associations were age-dependent and differed over the life course within a large 
cohort deemed representative of the general population. 

METHODS 

Data source and study population 
Lifelines is a multidisciplinary prospective population-based cohort and biobank of 
more than 167,000 people living in the North of the Netherlands [21]. It employs a 
broad range of investigative procedures in assessing the biomedical, socio-
demographic, behavioral, physical, and psychological factors that contribute to the 
health and disease of the general population, with a special focus on multi-morbidity 
and complex genetics. The study was conducted according to the Helsinki 
Declaration, and it was approved by the medical ethical committee of the University 
Medical Center Groningen in the Netherlands. All participants provided their written 
informed consent [19].  

In this study, the analyses were based on the data at baseline and at 4-year 
follow-up. We included non-obese (BMI<30kg/m2) adult (>18 years) subjects of 
Western European origin. The first exclusion was any missing and/or implausible 
data related to the main determinant and outcome: assessment of physical activity 
and the measurements of body weight. Further exclusions were related to minimize 
bias from changes in physical activity or body weight: excessive or unwanted weight 
loss, pregnancy, type 2 diabetes, thyroid diseases, irritable bowel syndrome, 
transplantation, cancer, heart failure, stroke, stent or bypass and pacemaker. In all, 
52,498 participants were included in the current analyses (Figure S1).  

Assessment of physical activity 
Physical activity was assessed using the Short QUestionnaire to ASsess Health-
enhancing (SQUASH) physical activity, a validated questionnaire, which estimates 
habitual physical activities with reference to a normal week in the past month.[20] 
The SQUASH is pre-structured into four domains: commuting, leisure time, 
household, and occupational activities. Questions consisted of three main queries: 
days per week, average time per day, and intensity. Each activity in minutes per 
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week was calculated by multiplying frequency (days/week) by duration (min/day). 
Then, the activities were assigned to a certain level of effort, or intensity, indicated 
by the MET value of the activity[20][21] MET values were assigned to activities with 
the help of Ainsworth’s Compendium of Physical Activities.[22]  

In this study, non-occupational (combination of commuting and leisure-time) 
moderate-to-vigorous PA (MVPA; MET ≥ 4.0), moderate PA (MPA; MET between 4 
and 6.5) and vigorous PA (VPA; MET ≥ 6.5) categories were used as the main 
measures of physical activity. Participants were divided into distinct categories based 
on the amount of MVPA, MPA and VPA. Individuals who performed no physical 
activity at MVPA, MPA and VPA, respectively were classified as ‘No-MVPA’, ‘No-MPA’ 
and ‘No-VPA’ (T0). The other participants (MVPA>0 min/week, MPA>0 min/week and 
VPA>0 min/week) were divided into distinct tertiles of MVPA, MPA and VPA ranging 
from low (tertile 1, T1), middle (tertile 2, T2) to high (tertile 3, T3). Thus, T0, T1, T2 
and T3 were considered as ‘inactive’, ‘a little bit active’, ‘active’, and ‘very active’ 
respectively. 

Additionally, activity minutes per week for specific types of daily-life physical 
activity (walking, cycling, sports and odd jobs) at moderate or vigorous intensity 
were categorized into two levels: No-MPA and MPA>0 minutes per week, or No-VPA 
and VPA>0 minutes per week.   

Body weight measurement 
Participants’ body weights (in kg) were measured by well-trained assistants who are 
permanent staff members using a standardized protocol.[19] At a follow-up session 
conducted after 4 years, their body weights were measured to the nearest 0.1 kg 
using the same baseline protocol. Changes between baseline and follow-up 
measurements were standardized over a 4-year period.  

Other baseline measurements 
Body height, waist circumference and blood pressure were measured by trained 
assistants at the baseline. BMI is weight (kg) divided by height squared (m2). Blood 
samples were collected in the fasting state and analyzed on the day of collection at 
the Department of Laboratory Medicine of the University Medical Center Groningen, 
the Netherlands (Supplementary method 1) [19].  

The supplementary methods section (Supplementary method 2) provides 
definitions for the covariates. In brief, education levels were categorized as low, 
medium, and high. Current smoking status was categorized as non-smokers and 
smokers. Daily caloric and alcohol intakes were calculated using the Food Frequency 
Questionnaire and presented as kilocalories per day (kcal/day) and grammes of 
alcohol per day (g/day). Diet quality was assessed using the Lifelines Diet Score 
(LLDS), which is described in greater detail elsewhere [23]. Creatinine excretion was 
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calculated as the mean value derived from two urine samples collected over a 24-
hour period [24]. The method applied for analysing the urine samples is described in 
detail elsewhere [19].  

Statistical analysis 
The study characteristics were expressed as means with a standard deviation for 
normally distributed variables or as medians with interquartile range (25th to 75th 
percentile) for non-normally distributed variables and numbers with percentages in 
case of categorical data. The differences between groups were compared using 1-
way analysis of variance tests or Kruskal-Wallis tests for continuous variables. The 
frequency distributions of categorical variables were analyzed using the Pearson Chi-
Square test. Furthermore, estimated changes in body weight were calculated 
according to the level of non-occupational physical activity (MVPA and VPA) using 
age and education adjusted ANOVA. Outcomes were presented as mean of kilogram 
body weight with standard error.  

Linear regression analysis was performed to evaluate the association between PA 
and changes in body weight. First we used two sets of PA categories (No-PA and 
PA>0) of MVPA, MPA and VPA at non-occupational and occupational domains. In the 
main analysis, we created dummy exposure variables for each PA category (MVPA, 
MPA and VPA) for comparison with the reference group (No-MVPA, No-MPA and No-
VPA) and each tertile of MVPA, MPA and VPA (T1-3). Outcomes were presented as 
unstandardized beta-coefficients with 95% confidence intervals (95%CI). In the 
regression analyses, the basic model was adjusted for age and education level. In 
model 1, we added diet (LLDS for diet quality and  daily caloric intake for diet 
quantity), current smoking (yes/no) and alcohol consumption (g/day) as potential 
lifestyle confounders to the basic model. Model 2 was adjusted for changes in 
creatinine excretion,  a marker of muscle mass, in addition to adjustments in model 
1. All the regression analyses were repeated for age categories (<35, 35-55, and
>55 years). Furthermore, the role of specific types of daily-life physical activities 
were tested in the association with changes in body weight.  

All statistical analyses were performed using IBM SPSS V.22.0 (Chicago, IL) and 
GraphPad Prism V.4.03 (San Diego, CA). A two-sided statistical significance was set 
at p<0.05 for all tests. 

RESULTS 

Female participants were more likely to maintain healthy lifestyles. Fewer women 
were smokers or consumed alcohol, and their diet scores were healthier than those 
of men (P<0.05). Of the participants, 13.3% of males (n = 3,035) and 8.8% of 
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females (n = 2,519) did not perform any activities at a moderate-to-vigorous level 
(No-MVPA). Participant characteristics are shown by non-occupational MVPA level in 
males and females (Table 1).   

Table 1. General characteristics of the study population 
Characteristics Total According to MVPA level

T0 T1 T2 T3
Men 
MVPA min/week 210 (60-400) 0 3-160 162-360 361-4015
Number (%) 22,827 (43.5) 3035 (13.3) 6597 (28.9) 6888 (30.2) 6307 (27.6)
Age (years) 45 (36-52) 45 (37-51) 44 (37-51) 45 (36-51) 46 (35-56)
Education: Lower (%, n) 24.7 (5,630) 36.4 (1,195) 24.2 (1,597) 21.3 (1,465) 23.2 (1,463)

Middle (%, n) 38.5 (8,784) 42.0 (1,275) 40.4 (2,668) 36.7 (2,525) 36.7 (2,316)
Higher (%, n) 36.9 (8,413) 21.6 (655) 35.3 (2,332) 42.1 (2,898) 40.1 (2,528)

Current smoking, (%, n) 20.6 (4,695) 30.3 (1,192) 21.5 (1,349) 17.8 (1,112) 16.4 (1,057)
Alcohol use, (gr/day) 6.9 (2.7-15.5) 6.6 (2.2-15.8) 6.8 (2.7-14.9) 6.9 (3.1-15.6) 7.6 (2.8-15.8)
Lifelines Diet score 22.7 ± 5.63 21.3 ± 5.56 22.5 ± 5.48 23.3 ± 5.59 23.5 ± 5.67
Energy intake (kcal/day) 2406.7±621.1 2426.7±641.0 2405.9±610.4 2363.7±595.6 2443.1±644.9
Body weight (kg) 84.7 ± 9.95 85.1 ± 10.3 85.0 ± 9.93 84.8 ± 9.85 84.2 ± 9.89
BMI (kg/m2) 25.2 ± 2.5 25.6 ± 2.5 25.3 ± 2.5 25.2 ± 2.4 25.1 ± 2.4
Waist circumference (cm) 92.2 ± 8.2 94.0± 8.2 92.9 ± 8.1 92.0 ± 8.0 90.7± 8.1
Systolic BP (mm Hg) 129.0 ± 13.2 130.1 ± 13.3 129.2 ± 13.2 128.6 ± 12.9 128.5 ± 13.3
Diastolic BP (mm Hg) 76.0 ± 9.1 77.1 ± 9.0 76.3 ± 9.1 75.9 ± 9.0 75.5 ± 9.2
Cholesterol (mmol/L) 5.18 ± 0.98 5.27 ± 0.99 5.20 ± 0.98 5.15 ± 0.96 5.14 ± 0.98
HDL-cholesterol 1.35 ± 0.31 1.28 ± 0.31 1.32 ± 0.30 1.36 ± 0.31 1.41 ± 0.33
Triglycerides (mmol/L) 1.09 (0.8-1.5) 1.21 (0.9-1.8) 1.14 (0.8-1.6) 1.08 (0.8-1.5) 1.02 (0.8-1.4)
Plasma glucose (mmol/L) 5.01 ± 0.46 5.08 ± 0.46 5.03 ± 0.46 5.01 ± 0.46 4.98 ± 0.45
Women
MVPA min/week 210 (60-420) 0 3-150 151-330 331-3440
Number (%) 29,671 (56.5) 2599 (8.8) 9200 (31.0) 8979 (30.3) 8893 (30.0)
Age (years) 45 (38-52) 45 (38-50) 44 (37-50) 45 (38-52) 47 (39-57)
Education: Lower (%, n) 26.7 (7,924) 33.3 (865) 25.1 (2,308) 24.5 (2,203) 28.7 (2,548)

Middle (%, n) 46.1 (12,333) 41.4 (1,076) 42.6 (3,918) 41.3 (3,711) 40.8 (3,628)
Higher (%, n) 31.7 (9,414) 25.3 (658) 32.3 (2,974) 34.1 (3,065) 30.6 (2,717)

Current smoking, (%, n) 17.5 (5,206) 29.8 (1,132) 19.0 (1,672) 15.0 (1,410) 13.0 (1,008)
Alcohol use, (gr/day) 2.9 (0.7-7.2) 2.5 (0.3-7.1) 2.7 (0.6-6.9) 3.1 (0.8-7.2) 3.4 (0.8-8.8)
Lifelines Diet score 25.4 ± 6.00 23.6 ± 6.07 24.7 ± 5.84 25.7 ± 5.83 26.5 ± 6.11
Energy intake (kcal/day) 1861.6±456.2 1796.7±461.0 1873.1±451.1 1863.4±443.9 1867.0±470.0
Body weight (kg) 69.8 ± 8.96 70.1 ± 9.30 70.2 ± 9.14 69.7 ± 8.85 69.3 ± 8.69
BMI (kg/m2) 24.2 ± 2.8 24.5 ± 2.8 24.3 ± 2.8 24.2 ± 2.7 24.0 ± 2.7
Waist circumference (cm) 83.1 ± 8.8 84.5 ± 9.0 83.7 ± 8.9 83.0 ± 8.8 82.2 ± 8.6
Systolic BP (mm Hg) 120.7 ± 14.6 122.3 ± 14.9 120.2 ± 14.2 120.5 ± 14.7 120.9 ± 14.8
Diastolic BP (mm Hg) 71.4 ± 8.6 72.3 ± 9.0 71.2 ± 8.5 71.4 ± 8.6 71.3 ± 8.7
Cholesterol (mmol/L) 5.08 ± 0.99 5.09 ± 0.97 5.01 ± 0.98 5.08 ± 0.98 5.16 ± 1.03
HDL-cholesterol 1.68 ± 0.39 1.62 ± 0.39 1.64 ± 0.38 1.69 ± 0.38 1.74 ± 0.41
Triglycerides (mmol/L) 0.83 (0.6-1.1) 0.89 (0.7-1.2) 0.84 (0.6-1.1) 0.82 (0.6-1.1) 0.81 (0.6-1.1)
Plasma glucose (mmol/L) 4.76 ± 0.44 4.77 ± 0.43 4.75 ± 0.43 4.76 ± 0.44 4.76 ± 0.45

Note: Data are presented as mean ± SD or median (25th to 75th percentile) and number (percentages, %). 
BMI, body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol;  HbA1c, 
hemoglobin-A1c; MVPA, moderate-to-vigorous physical activity; VPA, vigorous physical activity; T, tertile. 
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The numbers of smokers and of participants with lower education levels were higher 
in the No-MVPA group compared with those in the MVPA group. Furthermore, higher 
concentrations of total cholesterol and triglycerides and a lower concentration of 
HDL-C as well as lower diet scores were noted for this group (P<0.05). Table S1 
shows the participants’ characteristics stratified by age. Men’s PA levels (min/week), 
and especially VPA were significantly higher than those of women. The adjusted 
MVPA mean values for men and women in min/week were, respectively, 288.0 ± 1.9 
and 279.4 ± 1.7, and those for VPA were 133.4 ± 4.2 and 88.8 ± 1.1, respectively. 
Figure S2 shows the levels of specific types of non-occupational MVPA.  

After 4 years, the body weights of male and female participants had increased on 
average by 0.13 ± 0.03 kg and 0.45 ± 0.03 kg, respectively. Changes in body 
weight, estimated with an age- and education-adjusted ANOVA and visualized 
according to PA levels, were significantly higher in inactive men and women 
belonging to the T0, No-MVPA, and No-VPA’ categories compared with these changes 
in groups with higher MVPA and VPA categories (Figure 1).  

Figure 1. Estimated changes in body weight (kg) adjusted for age and education 
level, stratified by levels of moderate-to-vigorous (A and B) and vigorous (C and D) 
physical activity.  
Note: Measured body weight change adjusted with ANOVA. MVPA, moderate-to-vigorous physical activity; VPA, 
vigorous physical activity; T, tertile. Non-occupational MVPA and VPA were used in the analysis. 
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On average, all of the female participants gained body weight, but this increase in 
body weight was attenuated with increasing MVPA and VPA levels (T1–T3). Increases 
in the body weights of participants, stratified by age, were mostly observed in 
younger men (18–35 years) and young and middle-aged women (18–54 years) 
(Figure S3). Figure S4 sheds light on whether these changes may have been more 
or less related to body fat or lean mass through its depiction of changes in body 
weight and creatinine excretion. Taking PA levels into consideration, the results of 
our analysis indicated that very active young men demonstrated lower levels of 
change in their body weights but higher levels of change in their creatinine excretion 
compared with the inactive group. To incorporate this finding within subsequent 
regression analyses, we adjusted for changes in creatinine excretion when 
considering changes in body weight.  

In regression analyses, higher non-occupational MVPA, MPA and VPA were 
associated with less gain in body weight in women. (Figure 2). Beta coefficients 
(95%CI) for the MVPA>0, MPA>0 and VPA>0 relative to each reference groups (No-
MVPA, No-MPA and No-VPA) were, respectively -0.34 (-0.56;-0.13), -0.32 (-0.54;-
0.10) and -0.30 (-0.43;-0.18) kg.   

Figure 2. Domain- and intensity-specific associations of physical activity and 4-year 
changes in body weight. 
Note: Regression analysis. Determinants are dummy exposure variables for physical activities (reference groups 
of No-MPA, No-VPA, and No-MVPA and MPA>0, VPA>0, and MVPA>0). Data are expressed as B coefficient 
with 95% confidence interval (95% CI). OPA, occupational physical activity; MPA, moderate physical activity, 
VPA, vigorous physical activity, MVPA, moderate-to-vigorous physical activity; B, unstandardized beta coefficient.
Analyses adjusted for age, education, Lifelines diet score, caloric intake, smoking and alcohol use.

These associations were dose-dependent when using four sets of PA categories 
(Table 2). The beta-coefficients attenuated by 10-20% but remained significant 
after adjusting for potential confounders, including muscle mass. An in-depth 
investigation of the roles of the confounders indicated that the diet-based 
confounding effect was stronger than the confounding effects of smoking and alcohol 
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consumption (Table S2). In men, higher VPA, but not higher MPA or MVPA, was 
associated with less body weight gain (Figure 2). However, after adjusting for 
potential confounders, the association was no longer significant (Table 2). 
Furthermore, for both men and women, there was no clear association between 
occupational MVPA and changes in body weight. The crude association was 
significant and positive for men but ceased to be significant after adjusting for age, 
education, diet, smoking, and alcohol use. In women, the association was positive 
but non-significant.  

Table 2. Non-occupational daily-life PA and 4-year changes in body weight 
Physical 
activity

Unstandardized beta coefficients kg body weight
Basic model Model 1 Model 2
B (95%CI) P-value B (95%CI) P-value B (95%CI) P-value

Men 
MVPA-T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
MVPA-T1 -0.14 (-0.35; 0.07) 0.19 -0.05 (-0.26; 0.16) 0.61 -0.03 (-0.25; 0.19) 0.78
MVPA-T2 -0.03(-0.24; 0.18) 0.81 0.10 (-0.11; 0.31) 0.35 0.12 (-0.10; 0.33) 0.30
MVPA-T3 0.02 (-0.19; 0.24) 0.82 0.19 (-0.03; 0.40) 0.09 0.20 (-0.02; 0.42) 0.08
VPA-T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
VPA-T1 -0.25 (-0.42; -0.09) 0.03 -0.20 (-0.37;-0.03) 0.02 -0.20 (-0.37;-0.02) 0.03
VPA-T2 -0.19 (-0.38; -0.01) 0.04 -0.11 (-0.30; 0.07) 0.24 -0.09 (-0.28; 0.11) 0.39
VPA-T3 -0.20 (-0.38; -0.02) 0.03 -0.09 (-0.27; 0.09) 0.34 -0.10 (-0.28; 0.09) 0.32

Women 
MVPA-T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
MVPA-T1 -0.32 (-0.55; -0.10) 0.005 -0.24 (-0.47; -0.02) 0.036 -0.25 (-0.48; -0.02) 0.037
MVPA-T2 -0.42 (-0.65; -0.20) 0.000 -0.31 (-0.53; -0.08) 0.008 -0.35 (-0.59; -0.12) 0.003
MVPA-T3 -0.53 (-0.75; -0.30) 0.000 -0.38 (-0.61; -0.16) 0.001 -0.42 (-0.65; -0.18) 0.001
VPA-T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
VPA-T1 -0.27 (-0.44; -0.10) 0.002 -0.22 (-0.39; -0.05) 0.011 -0.24 (-0.42; -0.07) 0.007
VPA-T2 -0.35 (-0.51; -0.18) 0.000 -0.30 (-0.46; -0.13) 0.001 -0.33 (-0.51; -0.16) 0.000
VPA-T3 -0.38 (-0.55; -0.21) 0.000 -0.32 (-0.49; -0.15) 0.000 -0.33 (-0.51; -0.15) 0.000

Note: Regression analysis. Determinants are dummy exposure variables for physical activities for comparison 
between the reference group (No-MVPA, and No-VPA, T0) and tertiles of MVPA and VPA (T1-3). Data are 
expressed as unstandardized beta coefficient with 95% confidence interval (95% CI). MVPA, moderate-to-
vigorous physical activity; VPA, vigorous physical activity; MPA, moderate physical activity; T, tertile. Data on 
MPA is shown in Supplementary material, Table S3. 
Basic model: age and education 
Model 1: Basic model + Lifelines diet score and  daily caloric intake, smoking and alcohol use 
Model 2: Model 1 + 24-hour urinary creatinine excretion. 

Stratification of the participants by age revealed significant associations mainly in 
younger adults (Figure 3). For men below 35 years and for women below 55 years, 
non-occupational VPA was dose-dependently associated with less gain in body 
weight after fully adjusting for confounding factors. 

We conducted additional analyses aimed at elucidating the role of individual 
daily-life activities within the non-occupational domain (Table 3). These analyses 
were performed for men below 35 years and women below 55 of age years because 
significant associations of non-occupational PA and changes in body weight were 
observed for individuals in these age groups. Our findings, based on the application 
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of two sets of PA categories (No-MPA and MPA > 0 or No-VPA and VPA > 0) 
indicated that higher levels of moderate (cycling) and vigorous (cycling and sports) 
PA were associated with less weight gain in women after fully adjusting for 
confounding factors. For men, only higher levels of VPA (cycling and sports) were 
associated with less weight gain. 

Figure 3. Association between vigorous physical activity and changes in body 
weight, stratified by age in men (A) and women (B).  
Note: Regression analysis. Data are expressed as unstandardized beta coefficient (presented as bar) with 95% 
confidence interval (95% CI, presented as arrow). Physical activity was shown as vigorous physical activity 
categories (T0-T3). VPA, vigorous physical activity; T, tertile. Analysis was adjusted for age, education. diet, 
smoking and alcohol use. 

DISCUSSION 

In this large-scale, population-based study, a higher non-occupational MVPA was 
found to be dose-dependently related to less weight gain in women. Moreover, these 
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associations were stronger and independent of other potential confounders in women 
under the age of 55 years.  

Table 3. Individual non-occupational MVPA and 4-year changes in body weight 
Physical activity Unstandardized beta coefficients kg body weight (95% CI)

Basic model Model 1
PA=0
(Ref)

PA>0 P-
value

PA=0
(Ref)

PA>0 P-
value

Men (<35 y)
Walking (moderate) 0 -0.14 (-0.89; 0.21) 0.71 0 -0.04 (-0.81; 0.73) 0.92
Cycling at moderate 0 -0.01 (-0.48; 0.02) 0.96 0 0.14 (-0.33; 0.61) 0.56
Cycling at vigorous 0 -0.74 (-1.15;-0.32) 0.001 0 -0.61 (-1.03;-0.19) 0.001
Sports at moderate 0 0.12 (-0.46; 0.69) 0.69 0 0.34 (-0.24; 0.92) 0.25
Sports at vigorous 0 -0.44 (-0.76;-0.12) 0.01 0 -0.35 (-0.67;-0.02) 0.04
Odd jobs (moderate) 0 0.21 (-0.54; 0.95) 0.59 0 0.29 (-0.46; 1.05) 0.45
Women (<55 y) 
Walking (moderate) 0 -0.44 (-0.74;-0.13) 0.01 0 -0.23 (-0.54; 0.09) 0.17
Cycling at moderate 0 -0.42 (-0.65;-0.18) 0.001 0 -0.27 (-0.51;-0.03) 0.03
Cycling at vigorous 0 -0.45 (-0.66;-0.25) 0.001 0 -0.37 (-0.57;-0.16) 0.001
Sports at moderate 0 -0.39 (-0.66;-0.12) 0.01 0 -0.26 (-0.54; 0.01) 0.058
Sports at vigorous 0 -0.38 (-0.52;-0.24) 0.001 0 -0.32 (-0.46;-0.17) 0.001
Odd jobs (moderate) 0 -0.03 (-0.48; 0.42) 0.89 0 -0.23 (-0.24; 0.69) 0.34

Note: Regression analysis. Determinants are dummy exposure variables for physical activities for 
comparison between the reference group (No-MVPA or No-VPA) and MVPA>0 or VPA>0. Data are 
expressed as unstandardized beta coefficient with 95% confidence interval (95% CI). PA, physical activity.  
Analysis was adjusted for age, education. diet score, smoking and alcohol use.  
Basic model=age and education 
Model 1 = Basic model + Lifelines diet score and  daily caloric intake, smoking and alcohol use.

Furthermore, the potentially favourable effects of PA for women applied to both 
moderate and vigorous physical activities like cycling and sports. Among male 
participants, strenuous physical activities, such as vigorous cycling and sports, were 
predominantly related to lower weight gain but only in younger (< 35 years) men 
after adjusting for other lifestyle factors. There was no clear association between 
occupational MVPA and changes in body weight among both men and women. 

Several previous prospective studies found an inverse association between PA 
and changes in body weight [7-9, 25-26]. However this association has not been 
confirmed in other studies [10-13]. Moreover, this association was found to be 
restricted to specific groups in some studies [14][15]. For instance, a large-scale, 
multi-country EPIC study (n = 288,498) found an association between PA and 5-year 
changes in body weight only in younger women (<50 years) and those of normal 
weight.[14] In our large-scale, population-based study, the benefits of PA differed 
among men and women relative to the PA intensity level. Moreover, the associations 
between PA and changes in body weight differed according to the PA domain (non-
occupational or occupational), in addition to being age-dependent. These core 
findings are discussed in more detail below. 
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Clinical guidelines on PA levels state that physical activities at the moderate-to-
vigorous level, but not at the light level, are essential for maintaining a healthy body 
weight [27]. However, most previous studies focused on total PA, including light PA, 
and did not test for or report on different PA intensity levels [10-16]. The few studies 
that tested intensity levels suggest that physical activities at higher intensity levels 
are more effective than those at lower intensity levels in weight management [13, 
28]. For instance, in their study of a 6.2-year prospective follow-up assessment, 
Williams et al. found that weight loss from running exceeded that from walking [28].  

A question that we aimed to address in our study was whether a vigorous level 
of PA better predicts future changes in body weight. This was found to be the case in 
men for whom only vigorous activities were related to weight changes. In women, 
both moderate (cycling) and vigorous (cycling and sports) activities were related to 
body weight changes. However, the benefits of total daily-life MVPA were mostly 
explained by MPA in women; associations between VPA and body weight changes 
were not stronger than those observed for MPA. By contrast, only VPA, and not MPA, 
or a combination of moderate and vigorous PA, was associated with less weight gain 
in men. The considerably lower changes in the body weights of men compared with 
those of women during the follow-up assessment may be indicative of a statistical 
power issue that could partly account for this difference. Another explanation could 
be that male participants’ reporting of VPA was more accurate than their reporting of 
MPA or other physical activities in the questionnaire.[29] Accordingly, more 
longitudinal studies are needed to establish the effects of different PA intensities for 
men to prevent body weight gain. For women, not only VPA but also MPA can be 
considered as an option for avoiding body weight gain. 

Obesity is mainly caused by a long-term energy imbalance, any increase in PA, 
irrespective of the type of daily-life activities, which can be work-related, may 
support an active lifestyle. However, along with other researchers, we found that 
occupational MVPA has no association with weight gain [17-18, 30-31]. Evidently, 
there is a possibility of (residual) confounding by socio-economic status, type of 
work, transportation to/from work, or energy intake associated with work-related 
cultures and habits. In line with the findings of the above-mentioned studies, our 
results did not change after adjusting for factors relating to diet and socio-economic 
status. Furthermore, increased muscle mass observed during the follow-up 
assessment may have occurred because of higher MVPA in the occupational domain. 
However, the results remained unchanged after we adjusted for changes in 
creatinine excretion. Nevertheless, it should be noted that some studies have found 
that occupational PA could be beneficial in the prevention of weight gain [32-36]. 
Among these studies, only one Chinese study tested the prospective association of 
occupational PA with changes in body weight, reporting an inverse association [34]. 
However, the definition of occupational PA in this study differed from that used in 
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other studies, as it included a wide range of work-related activities such as unpaid 
home-based jobs (e.g., working on a farm or vegetable garden). Two more Chinese 
cross-sectional studies found an inverse association between occupational PA and 
body weight [35-36]. These inconsistent findings may be partly explained by cultural 
differences. They indicate a need for future studies to test the effects of specific 
types of occupational PA on changes in body weight, attending especially to cultural 
differences within a broader context. 

In this study, the association of physical activity with changes in body weight 
was mainly observed in younger adults. This association may be related to the 
observation that life-time weight gain mostly occurred during this period (Figure 
S3). In line with our findings, another study found that the transition from normal 
weight to obesity was mostly observed around the ages of 28–33 and 31–36 years 
[26]. The findings of this and other studies suggest that a high level of activity 
during those ages can prevent overweight or obesity [7, 26]. This finding raises the 
question of whether the mechanisms for the prevention of weight gain differ from 
those for the resolution of overweight requiring weight loss. Our results confirm that 
MVPA is inversely associated with body weight gain independently of daily caloric 
intake and other lifestyle factors. This finding indicates that PA may influence weight 
gain or weight loss through different mechanisms. This conclusion is reasonable, as 
findings reported in the literature suggest that PA may support weight loss in 
combination with energy restriction, but that it may not, on its own, lead to weight 
loss [5]. Thus, more studies should explore the role of increased PA in the prevention 
of weight gain, rather than focusing on PA as a strategy for reversing overweight and 
obesity. Furthermore, a number of studies have reported that a very active lifestyle 
at younger adult ages may entail the benefit of obesity prevention at later ages [9, 
12, 30]. Moreover, a higher BMI in early adult life is a predictor of cardiovascular 
diseases in later life [6].  Thus, a conclusion that merits emphasis is that increasing 
PA at younger ages may be an important primordial obesity prevention strategy 
while simultaneously preventing non-communicable diseases in later adult life. 

It should be noted that our outcome measure focused on changes in overall 
body weight and not specifically on body fat mass. Therefore, we were unable to 
determine whether the changes were more or less related to changes in body fat 
mass or lean mass. Changes in body weight, especially in younger adults, could 
reflect changes in muscle mass. Indeed, in our descriptive analyses, we observed 
that whereas active younger men evidenced smaller changes in body weight 
compared with less active younger men, the latter showed greater changes in 
creatinine excretion compared with the former (Figure S4). Consequently, we 
adjusted for creatinine excretion in all of the analyses. We found that the association 
between PA and changes in body weight was independent of changes in muscle 
mass over time. These results are supported by those of previous studies that used 
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direct measures of body composition, indicating smaller changes in body fat in very 
active younger adults and greater gains in body fat in inactive young adults [7, 37]. 
Although 24-hour urinary creatinine excretion may not be a precise marker for the 
absolute level of muscle mass, changes in creatinine excretion have been found to be 
a more sensitive measure for changes in body composition compared with Dual-
energy X-ray absorptiometry (DEXA) [38]. Therefore, we concluded that increased 
PA can be an effective strategy for preventing body weight gain independently of 
muscle mass.  

The main strength of our study is its large sample size obtained from the general 
population, which enabled us to estimate the dose-dependency of different PA 
intensities with changes in body weight for sex- and age-differentiated groups with 
sufficient statistical power. A second strength of the study relates to the objective 
measurements of body weight that were taken during the baseline and follow-up 
phases. Most previous studies used self-reported body weight measures. 
Furthermore, we excluded participants with several diseases to minimize cause-effect 
bias relating to changes in PA or body weight caused by poor health. However, our 
study had some limitations. PA was reported only at the baseline stage. A few 
studies have concluded that a single measure of PA weakly predicts future changes 
in body weight [10, 39], which may be related to a bidirectional association of PA 
and obesity [13, 40]. The inclusion of more obese individuals in the analyses could 
attenuate the association between baseline PA and body weight at the follow-up 
assessment because obese individuals are mostly inactive while simultaneously 
making conscious efforts to prevent weight gain through diet. In our study, we 
included only non-obese individuals with the aim of reducing such information bias. 
Another limitation relates to our assessment of PA that was based on self-reporting 
and therefore subject to recall bias. However, the SQUASH questionnaire has been 
validated within the general population, demonstrating a Spearman correlation 
coefficient for reproducibility of 0.58 [20]. Furthermore, although PA quantification 
may have been subject to reporting bias, the qualitative information about the types 
and domain of MVPA proved valuable. 

CONCLUSIONS 

A higher level of non-occupational daily-life MVPA is associated with less gain in body 
weight in women. The potentially favourable effects of MVPA for women applied to 
both moderate and vigorous physical activities. The associations were found to be 
dose-dependent, suggesting that more MVPA is more beneficial. Furthermore, the 
associations were strongest in younger and middle-aged women (<55 years) and 
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were independent of diet, smoking, alcohol use, and 4-year changes in creatinine 
excretion, considered a marker of muscle mass. For men, only vigorous non-
occupational PA was associated with less weight gain in younger adults (<35 years). 
By contrast, a higher level of occupational MVPA was not conclusively associated with 
changes in body weight. 
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Supplementary methods 

1. Anthropometry and laboratory measurements
Body height, waist circumference, and blood pressure were measured by a 
permanent staff of well-trained assistants using a standardized protocol. Height was 
measured with a stadiometer placing the heels against the rod and the head in 
Frankfort Plane position. Waist circumference was measured in standing position with 
a tape measure all around the body, at the level midway between the lower rib 
margin and the iliac crest. Body mass index (BMI) was calculated as weight (kg) 
divided by height squared (m2).[1][2] 

The blood samples were collected in the fasting state, between 8.00 and 10.00 
a.m. and analyzed on the day of collection at the Department of Laboratory Medicine 
of the University Medical Center Groningen, the Netherlands. Participants were 
requested to fast for at least 12 hours prior to the blood draw. Fasting plasma 
glucose (FPG) was measured by the hexokinase method.. Serum levels of total and 
HDL cholesterol were measured using an enzymatic colorimetric method, 
triglycerides using a colorimetric UV method on a Roche Modular P chemistry 
analyzer (Roche, Basel, Switzerland).[1][2] 

2. Definition of lifestyle confounders and diseases
Education level: Education was categorized as low (no education, primary education, 
lower or preparatory vocational education and lower general secondary education), 
medium (intermediate vocational education or apprenticeship, higher general senior 
secondary education or pre-university secondary education) and high (higher 
vocational education and university).  

SUPPLEMENTARY MATERIALS 
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Current smoking: Smoking status was categorized as non-smokers and smokers. 
Non-smokers were those who had not smoked during the last month and had also 
never smoked for longer than a year.  

Daily caloric intake and alcohol intake: From the Food Frequency Questionnaire, 
daily caloric intake and alcohol intake were calculated and  presented as kilocalories 
a day (kcal/day) and grams of alcohol a day (gr/day). The calculation was based on 
intake frequency and the average number of units consumed on a day (divided the 
number of alcoholic drinks/week by 7). In the Netherlands a standard unit contains 
9.9 grams of alcohol. For each type of alcoholic beverage, respondents indicated 
whether they consumed it never (0%), sometimes (30%), often (70%) or always 
(100%) [1-2]. 

The Lifelines Diet Score: Based on food groups derived from the food frequency 
questionnaire, diet quality was scored by The Lifelines Diet Score (LLDS). The LLDS 
is based on the international scientific evidence on diet and chronic disease relations 
from prospective cohort analyses and randomized controlled trials, summarized by 
the Dutch Health Council and underlying the 2015 Dutch dietary guidelines. The 
LLDS ranks the relative intake of nine food groups for which there is strong 
international peer-reviewed scientific evidence of positive health effects (vegetables, 
fruit, whole grain products, legumes & nuts, fish, oils & soft margarines, 
unsweetened dairy, coffee and tea) and three food groups for which there is strong 
international peer-reviewed scientific evidence of negative health effects (red & 
processed meat, butter & hard margarines and sugar-sweetened beverages). For 
each of the food groups, quintiles of consumption in grams/1000 kcal are determined 
and awarded zero to four points. For the positive food groups, higher scores are 
awarded to higher quintiles of consumption, whereas intake for negative food groups 
is scored inversely. The sum of these components leads to a LLDS between zero and 
48.[3]  

References:  
1. Stolk RP, Rosmalen JGM, Postma DS, de Boer RA, Navis G, Slaets JPJ, et al.

Universal risk factors for multifactorial diseases: LifeLines: a three-generation
population-based study. Eur J Epidemiol. 2008;23: 67±74. doi: 10.1007/s10654-
007-9204-4 PMID: 18075776.

2. Scholtens S, Smidt N, Swertz MA, Bakker SJL, Dotinga A, Vonk JM, et al. Cohort
Profile: LifeLines, a three-generation cohort study and biobank. Int J Epidemiol.
2015; 44: 1172±1180. doi: 10.1093/ije/dyu229 PMID: 25502107.

3. Vinke PC, Corpeleijn E, Dekker LH, Jacobs DR, Navis G, Kromhout D:
Development of the food-based Lifelines Diet Score (LLDS) and its application in
129,369 Lifelines participants. Eur J Clin Nutr 2018;72:1111–1119.



4

Physical activity and w
eight gain

9595 

Table S1. General characteristics of the study population, by age 
Characteristics <35 35-55 >55 P-value 
Men 
Number (%) 5,530 (24.2) 13,027 (57.1) 4,270 (18.7) -
Age (years) 29 (26-32) 45 (41-49) 62 (59-66) -
Education: Low, (%, n) 13.9 (769) 24.7 (3224) 38.3 (1637) <0.001
Current smoking, (%, n) 27.9 (1544) 20.0 (2605) 12.8 (546) <0.001
Alcohol use, (gr/day) 7.6 (3.2-15.8) 6.7 (2.6-13.9) 8.2 (3.0-17.0) <0.001
Lifelines Diet score 20.8 ± 5.4 22.8 ± 5.4 25.2 ± 5.5 <0.001
Energy intake (kcal/day) 2507.3 ± 653.4 2440.6 ± 614.8 2173.0 ± 534.5 <0.001
Body weight (kg) 82.5 ± 10.6 86.1 ± 9.8 83.4 ± 9.0 <0.001
BMI (kg/m2) 24.2 ± 2.6 25.5 ± 2.4 25.7 ± 2.2 <0.001
Waist circumference (cm) 87.6 ± 8.2 93.1 ± 7.6 95.2 ± 7.4 <0.001
Total cholesterol (mmol/L) 4.6 ± 0.9 5.3 ± 0.9 5.5 ± 0.9 <0.001
HDL-cholesterol 1.3 ± 0.3 1.3 ± 0.3 1.4 ± 0.3 <0.001
Triglycerides (mmol/L) 1.0 (0.7-1.4) 1.2 (0.8-1.6 1.1 (0.8-1.5) <0.001
Plasma glucose (mmol/L) 4.9 ± 0.4 5.0 ± 0.5 5.2 ± 0.5 <0.001
Moderate-to-vigorous PA

No MVPA, (%, n) 12.2 (676) 14.6 (1902) 10.7 (457) <0.001
MVPA (min/week) 225.5 (80-420) 180 (60-360) 270 (120-495) <0.001

Vigorous PA
No VPA, (%, n) 35.7 (1976) 48.1 (6263) 52.6 (2245) <0.001
VPA (min/week) 90 (0-270) 40 (0-180) 0 (0-180) <0.001

Women
Number (%) 6,046 (20.4) 18,201 (61.3) 5,424 (18.3) -
Age (years) 27 (22-32) 45 (41-49) 61 (58-65) -
Education: Low, (%, n) 11.8 (713) 23.1 (4199) 55.5 (3012) <0.001
Current smoking, (%, n) 23.4 (1412) 17.9 (3250) 10 (544) <0.001
Alcohol use, (gr/day) 2.6 (0.7-6.4) 2.8 (0.7-7.1) 3.6 (0.8-9.9) <0.001
Lifelines Diet score 22.7 ± 5.9 25.4 ± 5.8 28.2 ± 5.5 <0.001
Energy intake (kcal/day) 1859.5 ± 464.6 1890.7 ± 460.5 1766.3 ± 417.4 <0.001
Body weight (kg) 68.2 ± 9.4 70.4 ± 8.9 69.5 ± 8.3 <0.001
BMI (kg/m2) 23.3 ± 2.8 24.3 ± 2.7 25.0 ± 2.6 <0.001
Waist circumference (cm) 79.3 ± 8.7 83.3 ± 8.5 86.4 ± 8.5 <0.001
Total cholesterol (mmol/L) 4.4 ± 0.8 5.1 ± 0.9 5.9 ± 1.0 <0.001
HDL-cholesterol 1.6 ± 0.3 1.7 ±0.4 1.8 ± 0.4 <0.001
Triglycerides (mmol/L) 0.8 (0.6-1.1) 0.8 (0.6-1.1) 1.0 (0.8-1.3) <0.001
Plasma glucose (mmol/L) 4.6 ± 0.4 4.8 ± 0.4 4.9 ± 0.5 <0.001
Moderate-to-vigorous PA

No MVPA, (%, n) 7.4 (447) 9.6 (1748) 7.4 (402) <0.001
MVPA (min/week) 210 (90-380) 190(80-360) 270 (120-480) <0.001

Vigorous PA
No VPA, (%, n) 44.8 (2710) 57.2 (10416) 47.9 (2597) <0.001
VPA (min/week) 45 (0-150) 0 (0-100) 30 (0-120) <0.001

Note: Data are presented as mean ± SD or median (25th to 75th percentile) and number (percentages, %). BMI, 
body mass index, BP, blood pressure, HDL-C, high-density lipoprotein cholesterol, HbA1c, hemoglobin-A1c, 
MVPA, moderate-to-vigorous physical activity, VPA, vigorous physical activity, T, tertile.
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Table S2. Role of lifestyle confounders in the association between physical activity 
and changes in body weight 

PA Unstandardized beta coefficients kg body weight
Basic model Model 1A Model 1B
B (95%CI) P B (95%CI) P B (95%CI) P

Men 
Moderate-to-vigorous PA
T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
T1 -0.140 (-0.349; 0.069) 0.19 -0.097 (-0.306; 0.112) 0.37 -0.092 (-0.301; 0.117) 0.39
T2 -0.026(-0.235; 0.183) 0.81 0.043 (-0.167; 0.252) 0.69 0.038 (-0.171; 0.248) 0.72
T3 0.024 (-0.187; 0.235) 0.82 0.120 (-0.092; 0.333) 0.27 0.099 (-0.113; 0.311) 0.36
Vigorous PA
T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
T1 -0.254 (-0.423; -0.085) 0.03 -0.223 (-0.392;-0.054) 0.01 -0.228 (-0.397;-0.059) 0.008
T2 -0.192 (-0.376; -0.008) 0.04 -0.144 (-0.329; 0.040) 0.13 -0.154 (-0.338; 0.030) 0.10
T3 -0.197 (-0.377; -0.018) 0.03 -0.131 (-0.312; 0.049) 0.15 -0.147 (-0.327; 0.032) 0.11
Women 
Moderate-to-vigorous PA
T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
T1 -0.323 (-0.547; -0.099) 0.005 -0.260 (-0.485; -0.035) 0.023 -0.298 (-0.523; -0.073) 0.009
T2 -0.420 (-0.645; -0.195) 0.000 -0.339 (-0.565; -0.113) 0.003 -0.380 (-0.606; -0.154) 0.001
T3 -0.525 (-0.750; -0.300) 0.000 -0.425 (-0.652; -0.198) 0.000 -0.475 (-0.701; -0.249) 0.000
Vigorous PA
T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
T1 -0.266 (-0.435; -0.097) 0.002 -0.243 (-0.412; -0.074) 0.005 -0.238 (-0.407; -0.068) 0.006
T2 -0.345 (-0.512; -0.178) 0.000 -0.321 (-0.489; -0.154) 0.000 -0.315 (-0.483; -0.148) 0.000
T3 -0.382 (-0.552; -0.212) 0.000 -0.346 (-0.517; -0.175) 0.000 -0.348 (-0.518; -0.177) 0.000

Note: Regression analysis. Determinants are dummy exposure variables for physical activities for comparison 
between the reference group (No-MVPA, and No-VPA, T0) and tertiles of MVPA and VPA (T1-3). Data are
expressed as unstandardized beta coefficient with 95% confidence interval (95% CI). PA, physical activity, T, 
tertile; MVPA, moderate-to-vigorous physical activity; VPA, vigorous physical activity.  
Basic model: age and education.  
Model 1A:  Basic model + Lifelines diet score and  daily caloric intake 
Model 1B:  Basic model + smoking and alcohol use. 

Table S3. Non-occupational MPA and 4-year changes in body weight 
Physical 
activity

Unstandardized beta coefficients kg body weight
Basic model Model 1 Model 2
B (95%CI) P-value B (95%CI) P-value B (95%CI) P-value

Men 
MPA-T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
MPA-T1 -0.26 (-0.48; -0.03) 0.02 -0.05 (-0.37; 0.07) 0.19 -0.11 (-0.33; 0.11) 0.32
MPA-T2 -0.02 (-0.25; 0.21) 0.85 0.10 (-0.13; 0.34) 0.38 0.13 (-0.10; 0.36) 0.27
MPA-T3 0.18 (-0.05; 0.41) 0.13 0.32 (0.09; 0.55) 0.007 0.34 (0.11; 0.56) 0.004

Women 
MPA-T0 0 (Reference) - 0 (Reference) - 0 (Reference) -
MPA-T1 -0.39 (-0.62; -0.15) 0.001 -0.29 (-0.53; -0.05) 0.018 -0.28 (-0.52; -0.04) 0.022
MPA-T2 -0.43 (-0.67; -0.20) 0.000 -0.31 (-0.55; -0.07) 0.011 -0.30 (-0.54; -0.06) 0.014
MPA-T3 -0.50 (-0.73; -0.27) 0.000 -0.36 (-0.60; -0.13) 0.003 -0.36 (-0.59; -0.12) 0.003

Note: Regression analysis. Determinants are dummy exposure variables for physical activities for comparison 
between the reference group (No-MPA, T0) and tertiles of MPA (T1-3). Data are expressed as unstandardized 
beta coefficient with 95% confidence interval (95% CI). MPA, moderate physical activity; T, tertile.  
Basic model: age and education.  
Model 1: Basic model + Lifelines diet score and  daily caloric intake, smoking and alcohol use.  
Model 2: Model 1 + 24-hour urinary creatinine excretion. 
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Figure S1. Flowchart of the study population. 
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Figure S2. Level of daily-life physical activity according to sex.   
Note: PA (min/week) are expressed as adjusted means (adjusted for age, gender, education) for total and 
domain-specific physical activities. *indicates significant difference between men and women at P value < 0.05.  
PA, physical activity; MVPA, moderate-to-vigorous physical  activity; VPA, vigorous physical activity; OPA, 
occupational physical activity. 

Figure S3. 4-year changes in body weight, according to 6 categories of age 
Note: means of body weight is shown at baseline (bliue) and after 4-years (red).  
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Figure S4. 4-year changes in body weight and creatinine excretion – a marker of 
muscle mass, according to age 
Note: Measured body weight and creatinine excretion change were adjusted with ANOVA. MVPA, moderate-to-
vigorous physical activity; VPA, vigorous physical activity; T, tertile. Non-occupational MVPA and VPA were used 
in the analysis. 
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ABSTRACT 

Background: Little is currently known about the health impacts of daily-life 
moderate-to-vigorous physical activity (MVPA) in relation to the development of post-
transplant diabetes mellitus (PTDM) and the long-term survival of renal transplant 
recipients (RTRs).  

Method: We analysed self-reported data on MVPA within non-occupational and 
occupational domains, estimated with the Short Questionnaire to Assess Health 
Enhancing  Physical Activity (SQUASH) questionnaire, from a prospective cohort 
study of RTRs (N = 650) with a functioning graft exceeding 1 year. PTDM diagnoses 
were based on plasma glucose levels (≥126 mg/dL), HbA1c (≥6.5%), and the use of 
antidiabetic medication. Cardiovascular and all-cause mortality data were retrieved 
from patient files up to the end of September 2015. 

Results: During a median follow-up period of 5.3 years, 50 patients (10%) 
developed PTDM and 129 (19.8%) died. Of these deaths, 53 (8.9%) were caused by 
cardiovascular disease. Cox regression analyses showed that higher MVPA levels 
among patients were associated with a lower risk of PTDM (hazard ratio [HR]; 95% 
confidence interval [95% CI] = 0.49; 0.25–0.96, P=0.04), Cardiovascular mortality 
(HR; 95% CI = 0.34; 0.15–0.77, P=0.01), and all-cause mortality (HR; 95% CI = 
0.37; 0.24–0.58, P<0.001) compared with “No-MVPA” patients, independently of age, 
sex, and kidney function parameters. Associations of MVPA with cardiovascular and 
all-cause mortality remained significant and materially unchanged following further 
adjustments made for transplant characteristics, lifestyle factors, metabolic 
parameters, medication use, and creatinine excretion (a marker of muscle mass). 
However, the association between MVPA and PTDM was no longer significant after 
adjustments for metabolic confounders and glucose levels.  

Conclusion: Higher MVPA levels are associated with long-term health outcomes in 
RTRs.  

Key words: Physical activity, renal transplant recipients, transplantation, post-
transplant diabetes mellitus, cardiovascular mortality, mortality  
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INTRODUCTION 

Renal transplantation is a more effective treatment strategy than chronic dialysis in 
patients with end-stage renal disease[1]. However, post-transplant patients are at an 
increased risk of developing cardiometabolic diseases that lead to high morbidity and 
mortality among renal transplant recipients (RTRs) [2-3]. The cardiovascular 
mortality rate is estimated to be 10 times higher for RTRs compared with the general 
population [2]. Moreover, approximately 20% of RTRs develop post-transplant 
diabetes mellitus (PTDM) [3]. This situation necessitates an investigation aimed at 
developing strategies for improving the management of long-term health outcomes 
in RTRs.  

Studies have consistently found that physical activity (PA) is a modifiable factor 
that contributes to reducing the risk of cardiometabolic diseases and premature 
mortality within the general population [4-5]. However, there is limited data on the 
impacts of PA on RTRs [6-10]. Studies conducted on the benefits of PA have mostly 
focused on the intermediate outcomes of clinical trials entailing exercise training 
programmes [6-8]. A few studies found that a low PA is significantly associated with 
substantial weight gain and with risks of cardiovascular and all-cause mortality in 
RTRs [11-14]. Moreover, it remains unclear whether the benefits of increased PA in 
relation to patients’ long-term outcomes are independent of their health and 
transplant characteristics (i.e., kidney function and duration of pre-transplant 
dialysis), lifestyle factors, and use of medication [11-13].  

Clinical guidelines for the general population recommend the performance of at 
least 150 minutes of moderate-to-vigorous physical activity (MVPA) per week [15]. 
The available data show that the level of daily-life PA is lower for RTRs compared 
with individuals within the general population [16-17]. It is unclear whether 
individuals within the general population as well as RTRs can attain the 
recommended MVPA level by engaging in different domains of daily-life activities, 
such as non-occupational and occupational activities. Studies suggesting that 
occupational MVPA should not be included within assessments of healthy daily-life PA 
and should not be deemed a substitute for leisure time MVPA. Specifically, it is not 
known whether both non-occupational and occupational PA can contribute to the 
improved health of RTRs [18-20]. 

Therefore, we aimed to investigate the association between daily-life MVPA and 
the risk of developing long-term health outcomes, such as PTDM as well as 
cardiovascular and all-cause mortality in RTRs sampled from a large prospective 
study. We also examined whether these associations were independent of several 
variables, including age, sex, kidney function, transplant characteristics, lifestyle 
factors, medication use, metabolic parameters, and body composition. Moreover, we 
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assessed the benefits of non-occupational MVPA as well as total daily-life MVPA, 
including occupational PA. 

METHODS 

Study population 
This study was conducted in a large single-center prospective cohort of stable 
outpatient RTR [21-22]. A total of 817 adult RTRs who met the study’s eligibility 
criteria, namely having a functioning graft for at least 1 year and no history of 
alcohol and/or drug addiction, were invited to participate in the study. In total, 707 
(86.5%) RTR signed written informed consent. Baseline data were collected between 
November 2008 and May 2011. We excluded 57 RTRs, whose PA questionnaires 
were incomplete, from the analysis, leaving a total of 650 RTRs. Subsequently, 148 
and 61 RTRs, respectively, with a history of diabetes and CVDs prior to undergoing 
transplants, were excluded from the analyses of PA and the development of PTDM 
and cardiovascular mortality. The study was conducted according to the Helsinki 
Declaration and was approved by the institutional review board (METc 2008/186). 

Measurements at baseline 
All baseline measurements have been previously described in greater detail 
elsewhere [23]. Body mass index (BMI) was calculated as weight (kg) divided by 
height squared (m2). A semiautomatic device (Dinamap®1846; Critikon, Tampa, FL) 
was used to measure blood pressure in a half-sitting position and the average of the 
final three readings of blood pressure was used. Information on medication was 
derived from patient records. Daily caloric intake and alcohol consumption were 
calculated from a validated Food Frequency questionnaire. Information on smoking 
was obtained by a questionnaire. The serum creatinine-based Chronic Kidney Disease 
Epidemiology Collaboration equation was used to calculate the estimated glomerular 
filtration rate (eGFR) [24]. Creatinine excretion - a marker of muscle mass - was 
calculated from the 24-hour urine collection as described earlier [25]. 

Assessment of physical activity 
The SQUASH is a validated questionnaire used to estimate habitual physical activities 
performed during a normal week [26]. The SQUASH is pre-structured into four 
domains: commuting, leisure time and sports, household, and occupational activities. 
Questions consisted of three main queries: days per week, average time per day, 
and intensity.  

In this study, we used activities at the moderate (4.0-6.5 MET) to vigorous (≥ 
6.5 MET) level. Metabolic equivalent (MET) values were assigned to activities 
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according to Ainsworth’s Compendium of Physical Activities [27]. We used the 
combination of leisure-time and commuting (non-occupational) moderate-to-vigorous 
physical activity (MVPA) minutes per week (min/week) as a measure of PA in this 
study, since active commuting of high intensity and longer duration is often replacing 
sports activities, like cycling. We did not include occupational MVPA in the main 
analysis because of its health benefit is not clear in the general population [28]. In 
additional analysis, we investigated the association between total MVPA, including 
occupational MVPA, with clinical endpoints. Participants were subdivided into three 
categories based on their levels of non-occupational MVPA. RTRs who did not engage 
in PA at a moderate-to-vigorous level were deemed ‘inactive’ (“No-MVPA”), and the 
remaining participants (MVPA > 0) were divided into two groups based on median 
values of non-occupational MVPA (less active, MVPA-1 and active, MVPA-2). The 
MVPA min/week (median, interquartile range [IQR]) was used to define the MVPA 
groups (MVPA-1 and MVPA-2): 5-197 (120, 60-150) and 200-1680 (360, 260-540). 

Endpoints of the study 
Endpoints of interest in this study were post-transplant diabetes mellitus (PTDM), 
cardiovascular and all‐cause mortality. PTDM was defined according to the presence 
of at least one of the following criteria: diabetes symptoms (e.g., polyuria, polydipsia, 
or unexplained weight loss) along with a non-fasting plasma glucose concentration of 
≥200mg/dL (11.1 mmol/L); fasting plasma glucose concentration (FPG) ≥126 mg/dL 
(7.0 mmol/L); start of antidiabetic medication; or HbA1c ≥ 6.5% (48 mmol/L). This 
definition matched the diagnostic criteria for diabetes applied by the American 
Diabetes Association, including HbA1c levels, as proposed by the expert panel 
constituted at the international consensus meeting on PTDM [29-30]. Cardiovascular 
mortality and all-cause mortality were monitored through continuous surveillance 
conducted within the outpatient programme and retrieved from patients’ files up to 
the end of September 2015. No participants were lost to follow‐up. 

Statistical analysis 
The patient characteristics are expressed as means with a standard deviation for 
normally distributed variables or as medians with interquartile range (25th to 75th 
percentile) for non-normally distributed variables and numbers with percentages in 
case of categorical data. The differences between groups were tested using 1-way 
analysis of variance tests or Kruskal-Wallis tests for normally and non-normally 
distributed continuous variables, respectively. The frequency distributions of 
categorical variables were analyzed using the Pearson Chi-Square test.  

We adopted MVPA as a continuous and categorical variable in a Cox regression 
analysis. First, we tested associations of non-occupational MVPA, considered as a 
continuous variable, on clinical endpoints. In this analysis, MVPA (measured in 
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min/week) was log-transformed to obtain a normal distribution. Thereafter, 
multivariate Cox regression analyses were performed to examine whether higher 
non-occupational MVPA is associated with lower risks of PTDM, cardiovascular 
mortality, and all-cause mortality independently of potential confounders. In these 
analyses, we first adjusted for age and sex (model 1) as well as kidney function 
parameters, including eGFR, proteinuria, the time lapse between transplantation and 
the baseline measures, and primary renal disease (model 2). We further adjusted 
model 2 for transplant characteristics (acute rejection, preemptive transplantation, 
and living donor status) in model 3. Similarly, we adjusted model 2 for lifestyle 
factors, such as smoking, alcohol consumption, and daily caloric intake (model 4); 
calcineurin inhibitors and prednisolone used as immunosuppressive medication 
(model 5); systolic blood pressure, use of antihypertensive drugs, high-density 
lipoprotein cholesterol (HDL), and triglycerides (model 6), BMI and waist 
circumference (model 7), and 24-hour creatinine excretion (model 8). We also 
adjusted model 2 for baseline hemoglobin A1C and fasting plasma glucose (model 9) 
relating to the association between MVPA and PTDM. Hazard ratios were reported 
with 95% confidence intervals. Proportional hazard assumptions were tested using 
the Schoenfield residuals method developed by Grambsch and Therneau [31]. 
Penalized splines were constructed to visualize the association of non-occupational 
MVPA with PTDM as well as cardiovascular and all-cause mortality independently of 
age and sex.  

We performed additional analyses to explore the role of work within this 
population by investigating the associations between total MVPA, including 
occupational MVPA, and non-occupational MVPA with clinical endpoints for the RTRs 
who worked (n = 322, 49.5%). Occupational status was defined using the answers 
for the questions related to occupational PA. If responders answered as not 
applicable, we considered them as unemployed. Another subgroup analysis was 
performed to address changes in these associations across age categories. The 
population was categorized as being over or under 55 years of age, based on the 
WHO guideline on the prevention of CVD [32]. Finally, to rule out competing 
mortality risks associated with the occurrence of PTDM, we conducted competing risk 
analyses following the procedures outlined by Fine and Gray [33].  

A two-sided statistical significance was set at p<0.05 for all tests. All statistical 
analyses were performed using SPSS software V.22 (IBM Inc., Chicago, IL, USA,) R 
software V.3.2.2 (R Foundation for Statistical Computing, Vienna, Austria), STATA 
version 13.0 (StataCorp LP, College Station, TX) and Graph Pad Prism 7 (Graph Pad 
Software Inc., La Jolla, CA). 
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RESULTS 

Baseline characteristics 
A total of 650 RTRs (men: 56.3%, mean age: 51.8 ± 13.2 years) were examined in 
this study. Baseline measurements were taken 5.7 years (median value; interquartile 
range [IQR]: 1.9–12.1 years) post-transplantation. Of the total sample of RTRs, 
37.8% (n = 246) did not perform daily MVPA at all within any domain. The other 
RTRs spent a median of 200 minutes (IQR = 120–360 minutes per week) engaged in 
non-occupational MVPA. Table 1 shows the baseline characteristics of RTRs 
according to their non-occupational MVPA levels. RTRs in the active groups (MVPA > 
0) had lower values for BMI, waist circumference, and systolic blood pressure and
higher creatinine excretion values compared with the values of the inactive group 
(“No-MVPA”). Moreover, higher alcohol consumption, lower concentrations of 
triglycerides and HDL-C, haemoglobin A1C, and less proteinuria and diabetes at the 
baseline level along with more ‘living donors’ were observed for the ‘active’ groups 
compared with the ‘inactive’ group. 

Table 1. Characteristics of the study population, according to MVPA level 
Variable Total 

(n=650)
No-MVPA 
(n=246)

MVPA-1
(n=201)

MVPA-2
(n=203)

P
value

Age (years) 52.6 ± 12.8 54.1 ± 11.8 51.9 ± 13.4 51.6 ± 13.3 0.08 
Male gender (%, n) 56.3 (366) 56.1 (138) 55.7 (112) 57.1 (116) 0.96 
Current smoking (%, n) 12.3 (80) 15.3 (36) 12.4 (25) 9.5 (19) 0.20 
Occupational status:  
Employed* (%, n) 

49.5 (322) 44.7 (110) 51.2 (103) 53.7 (109) 0.14 

Alcohol use (g/day) 2.61 (0.1-11.1) 1.45 (0.1-9.7) 2.51 (0.1-9.7) 3.95 (0.1-14.1) 0.01 
Total energy intake (kcal/d) 2174.9 ± 

640.7 
2114.7± 720.4 2247.5 ± 598.7 2173.2 ± 573.9 0.11 

Non-occupational MVPA 
(min/week) 

90 (0-240) 0 120 (60-150) 360 (260-540) -

Body composition  
Body mass index (kg/m2) 26.7 ± 4.84 27.9 ± 5.49 25.7 ± 4.26 26.1 ± 4.23 0.001 
Waist in men (cm ) 101.1 ± 13.4 104.0 ± 13.7 98.9 ± 13.5 99.7 ± 12.4 0.01 
Waist in women (cm) 95.0 ± 15.8 99.7 ± 12.4 91.5 ± 14.6 93.1 ± 14.1 0.01 
Creatinine excretion 
(mmol/24h) 

11.7 ± 3.49 11.2 ± 3.80 11.8 ± 3.29 12.2 ± 3.23 0.01 

Lipids and blood pressure 
Total cholesterol (mmol/L) 5.14 ± 1.11 5.18 ± 1.18 5.17 ± 1.10 5.07 ± 1.02 0.48 
Triglyceride (mmol/L) 1.68 (1.2-2.33) 1.85 (1.3-2.6) 1.67 (1.2-2.4) 1.59 (1.2-2.05) 0.001 
HDL-C in men (mmol/L) 1.27 ± 0.41 1.23 ± 0.41 1.27 ± 0.36 1.32 ± 0.45 0.21 
HDL-C in women (mmol/L) 1.56 ± 0.51 1.39 ± 0.43 1.62 ± 0.54 1.70 ± 0.53 0.001 
Systolic BP (mm Hg) 136.2 ± 17.3 138.3 ± 18.5 135.6 ± 16.7 134.2 ± 16.3 0.04 
Diastolic BP (mm Hg) 82.8 ± 10.9 83.1 ± 11.2 82.5 ± 11.3 82.6 ± 10.3 0.77 
Use of antihypertensive (%, n) 88 (572) 92.7 (228) 81.1 (163) 89.2 (181) 0.001 
Use of statin (%, n) 51.8 (337) 54.9 (135) 52.7 (106) 47.3 (96) 0.27 

Glucose metabolism 
Fasting plasma glucose 
(mmol/L) 

5.67 ± 1.82 5.78 ± 192 5.76 ± 2.13 5.46 ± 1.28 0.13 

Heamoglobin A1C (%) 5.94 ± 0.78 6.03 ± 0.77 5.94 ± 0.90 5.83 ± 0.65 0.021 
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Table 1. (continued). 
Variable Total 

(n=650)
No-MVPA 
(n=246)

MVPA-1
(n=201)

MVPA-2
(n=203)

P
value

Kidney function 
eGFR (mL/min/1.73m2) 52.0 ± 20.2 49.9 ± 22.1 53.8 ± 18.7 52.9 ± 18.8 0.09
Albumin excretion (mg/24h) 267.3 ± 734.6 307.2 ± 777.5 175.1 ± 378.5 308.7 ± 917.5 0.11
Proteinuria (%, n) 21.5 (140) 28.0 (69) 16.9 (34) 18.2 (37) 0.01
Primary renal disease (%, n) 0.01

Glomerulosclerosis 28.8 (187) 30.1 (74) 28.4 (57) 27.6 (56)
Glomerulonephritis 7.7 (50) 5.7 (14) 8.0 (16) 9.9 (20)
Tubulointerstitial nephritis 11.8 (77) 9.8 (24) 12.9 (26) 13.3 (27)
Polycystic kidney disease 20.9 (136) 20.7 (51) 19.9 (40) 22.2 (45)
Renal hypodysplasia 3.5 (23) 4.1 (10) 3.0 (6) 3.4 (7)
Renavascular diseases 5.7 (37) 7.7 (19) 4.0 (8) 4.9 (10)
Diabetes mellitus 4.6 (30) 6.5 (16) 5.5 (11) 1.5 (3)
Others 16.9 (110) 15.4 (38) 18.4 (37) 17.2 (35)

Duration of dialysis before the 
transplantation (months)

25 (8-48) 29 (11-51) 19 (4-49) 25 (9-43) 0.51

Transplant characteristics 
Transplant vintage (months) 14.0 (2.0-39.5) 17.0 (2.0-41.0) 12.0 (2.0-44.8) 16.0 (0.5-41.0) 0.49
Cold ischemia time (h) 15.2 (2.8-21.1) 16.4 (3.6-22.0) 15.1 (2.6-21.3) 13.6 (2.5-20.5) 0.10
Living donor (%, n) 34.8 (226) 26.4 (65) 37.3 (75) 42.4 (86) 0.001
Pre-emptive transplant (%, n) 16.6 (108) 13.4 (33) 20.9 (42) 16.3 (33) 0.11
Acute rejection 27.2 (177) 27.2 (67) 27.9 (56) 26.6 (54) 0.96

Immunosuppressive medication 
Calcineurin inhibitor (%, n) 58.3 (379) 59.8 (147) 59.2 (119) 55.7 (113) 0.52
Proliferation inhibitor (%, n) 82.6 (537) 80.1 (197) 84.1 (169) 84.2 (171) 0.62
Prednisolone dose (mg) 10.0 (7.5-10.0) 10.0 (7.5-10.0) 10.0 (7.5-10.0) 10.0 (7.5-10.0) 0.48

Note: Data are presented as mean ± SD or median (interquartile range) and percentage (%, number). 
MVPA,moderate-to-vigorous physical activity; HDL-C, high-density lipoprotein cholesterol; BP, blood pressure; 
eGFR, estimated glomerular filtration rate. 
* indicates the number of employed patients

Table S1 presents the baseline characteristics of the RTRs according to the 
presence of clinical endpoints. Figure S1 further shows levels of daily MVPA 
according to the participants’ ages and work status. As expected, total MVPA values, 
including those for occupational MVPA, were significantly higher in RTRs who were 
working (n = 322). However, when working status or age was considered, the levels 
of non-occupational MVPA did not differ significantly.  

Post-transplant diabetes mellitus 
A total of 50 RTRs (10%) had developed PTDM after a median follow-up period of 
5.3 years (4.1–6.0 years). The multivariable Cox proportional hazard models showed 
that the group with the highest level of non-occupational MVPA was associated with 
a lower risk of PTDM (hazard ratio [HR]; 95% CI = 0.49; 0.25–0.96, p = 0.04) 
compared with the “No-MVPA” group, independently of age, sex, and kidney function 
parameters (model 1, Table 2). This association remained significant after we made 
further adjustments for kidney function parameters, transplant characteristics, 
lifestyle factors, and 24-hour creatinine excretion quantities (considered as a marker 
of muscle mass) (models 2–4 and 8). Following adjustments made for 
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immunosuppressive medication (model 5), metabolic parameters (model 6), body 
composition (model 7), and baseline glucose levels (model 9), the highest level of 
MVPA was no longer associated with PTDM. However, when MVPA was applied as a 
continuous variable in the Cox regression analysis, as opposed to using groups of 
MVPA levels, a higher non-occupational MVPA was associated with a lower risk of 
PTDM independent of all of the above-mentioned confounders apart from the 
adjustment of metabolic parameters and glucose level.  

Table 2. Association of non-occupational MVPA with long-term health 
outcomes  

Physical 
activity

MVPA (cont.) No-
NVPA
(Ref)

MVPA-1 MVPA-2
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Post-transplant DM
No. of 
events

50/502 23 14 13

Model 1 0.88 (0.79-0.97) 0.01 1.00 0.57 (0.29-1.10) 0.09 0.49 (0.25-0.96) 0.04
Model 2 0.88 (0.79-0.98) 0.02 1.00 0.61 (0.31-1.20) 0.15 0.49 (0.25-0.96) 0.04
Model 3 0.88 (0.79-0.98) 0.02 1.00 0.60 (0.30-1.19) 0.14 0.49 (0.24-0.97) 0.04
Model 4 0.87 (0.79-0.97) 0.01 1.00 0.60 (0.30-1.18) 0.14 0.45 (0.22-0.92) 0.03
Model 5 0.89 (0.80-0.99) 0.03 1.00 0.62 (0.31-1.22) 0.17 0.51 (0.26-1.03) 0.06
Model 6 0.91 (0.82-1.01) 0.09 1.00 0.72 (0.35-1.43) 0.34 0.59 (0.29-1.22) 0.16
Model 7 0.88 (0.79-0.99) 0.03 1.00 0.66 (0.31-1.31) 0.25 0.49 (0.24-1.02) 0.06
Model 8 0.88 (0.79-0.97) 0.01 1.00 0.60 (0.30-1.17) 0.14 0.47 (0.24-0.95) 0.03
Model 9 0.92 (0.83-1.02) 0.12 1.00 0.80 (0.40-1.60) 0.53 0.62 (0.31-1.25) 0.18

Note: Cox regression analysis. MVPA as a continuous (log transformed) and categorical variable (No-MVPA, 
MVPA-1 and MVPA-2) in the analyses. Reference group is the “No MVPA in the multivariable Cox proportional 
hazard models. DM, Diabetes mellitus; MVPA, moderate-to-vigorous physical activity. 
Model 1:  adjusted for age and sex  
Model 2:  model 1 + adjustment for kidney function (eGFR, urinary protein excretion, time between 

transplantation and baseline and primary renal disease) 
Model 3:  model 2 + adjustment for transplant characteristics (acute rejection, pre-emptive transplantation, donor 

type) 
Model 4:  model 2 + adjustment for lifestyle factors (smoking, alcohol consumption, daily caloric intake) 
Model 5:  model 2 + adjustment for immunosuppressive medication (calcineurin inhibitors, prednisolone)
Model 6:  model 2 + adjustment for lipids and blood pressure (systolic blood pressure, use of antihypertensive 

drugs, triglycerides, HDL-C 
Model 7:  model 2 + adjustment for BMI and waist circumference 
Model 8:  model 2 + adjustment for 24-hour creatinine excretion 
Model 9:  model 2 + adjustment for fasting plasma glucose and HbA1c 

Cardiovascular and all-cause mortality 
During the follow-up period, 129 (19.8%) patients died. Of these deaths, 53 (8.9%) 
were caused by cardiovascular disease (CVD). In the multivariable Cox proportional 
hazard models, the highest level of non-occupational MVPA was associated with a 
lower risk of cardiovascular mortality (HR; 95% CI = 0.34; 0.15–0.77, p = 0.01) 
compared with the “No-MVPA” group, independently of age, sex, and kidney function 
parameters (model 1-2, Table 2). This association remained significant after further 
adjustments were made for transplant characteristics, immunosuppressive 
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medication, metabolic parameters, and body composition (model 3, 5-7). However, 
the association was no longer significant after adjusting for lifestyle factors (model 4) 
and creatinine excretion (model 8). Moreover, the association of MVPA with 
cardiovascular mortality was sustained independently of all of the potential 
confounders when non-occupational MVPA was applied as a continuous variable in 
the Cox regression (models 1–9, Table 2).  

Table 2. (continued). 
Physical 
activity

MVPA (cont.) No-
NVPA
(Ref)

MVPA-1 MVPA-2
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Cardiovascular mortality
No. of 
events 

53/589 26 14 13

Model 1 0.84 (0.74-0.94) 0.01 1.00 0.45 (0.22-0.94) 0.03 0.34 (0.15-0.77) 0.01 
Model 2 0.84 (0.75-0.95) 0.01 1.00 0.49 (0.23-1.02) 0.06 0.35 (0.16-0.80) 0.01 
Model 3 0.86 (0.77-0.97) 0.01 1.00 0.56 (0.27-1.16) 0.12 0.39 (0.17-0.89) 0.03 
Model 4 0.87 (0.77-0.98) 0.03 1.00 0.58 (0.27-1.27) 0.17 0.42 (0.18-0.98) 0.051 
Model 5 0.84 (0.75-0.95) 0.01 1.00 0.46 (0.22-0.98) 0.04 0.36 (0.16-0.82) 0.02 
Model 6 0.86 (0.76-0.96) 0.01 1.00 0.53 (0.25-1.12) 0.10 0.38 (0.17-0.88) 0.02 
Model 7 0.85 (0.75-0.97) 0.01 1.00 0.53 (0.24-1.18) 0.12 0.39 (0.17-0.92) 0.03 
Model 8 0.87 (0.78-0.99) 0.03 1.00 0.59 (0.28-1.24) 0.16 0.44 (0.19-0.99) 0.053 

All-cause mortality
No. of 
events 129/650 76 27 26

Model 1 0.84 (0.78-0.89) <0.001 1.00 0.39 (0.25-0.61) <0.001 0.37 (0.24-0.58) <0.001 
Model 2 0.85 (0.79-0.91) <0.001 1.00 0.43 (0.27-0.67) <0.001 0.40 (0.26-0.63) <0.001 
Model 3 0.86 (0.80-0.92) <0.001 1.00 0.46 (0.29-0.71) <0.001 0.44 (0.28-0.69) <0.001 
Model 4 0.84 (0.78-0.90) <0.001 1.00 0.43 (0.27-0.69) <0.001 0.37 (0.23-0.60) <0.001 
Model 5 0.85 (0.79-0.90) <0.001 1.00 0.42 (0.27-0.66) <0.001 0.39 (0.25-0.62) <0.001 
Model 6 0.86 (0.80-0.92) <0.001 1.00 0.46 (0.29-0.72) <0.001 0.43 (0.27-0.69) <0.001 
Model 7 0.85 (0.78-0.91) <0.001 1.00 0.43 (0.27-0.68) <0.001 0.39 (0.25-0.62) <0.001 
Model 8 0.87 (0.81-0.93) <0.001 1.00 0.50 (0.32-0.78) <0.001 0.47 (0.30-0.73) <0.001 

With regard to all-cause mortality, the group with the highest level of non-
occupational MVPA was associated with a lower risk of all-cause mortality (HR; 95% 
CI = 0.37; 0.24–0.58, p < 0.001) compared with the “No-MVPA” group (model 1, 
Table 2). This association remained significant after we adjusted for potential 
confounders (models 2–8). However, the association weakened after we adjusted for 
transplant characteristics (model 3), metabolic parameters (model 6), and creatinine 
excretion (model 8). When log-transformed non-occupational MVPA was applied as a 
continuous variable in the Cox regression analysis, the association was independent 
of all of the above-mentioned confounders, apart from creatinine excretion (model 
8), remaining materially unchanged.  
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To illustrate these associations further, age-and sex-adjusted penalized splines 
and the Kaplan-Meier survival curves are shown in Figure 1 and 2.  

Figure 1. Association between non-
occupational MVPA and Post-transplant 
DM, CV mortality and all-cause mortality 
in RTR. 
Note: DM, diabetes mellitus; CV, cardiovascular. 
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Figure 2. Probability of survival for Post-
transplant DM, CV mortality and all-cause 
mortality according to non-occupational 
MVPA level.  
Note: DM, diabetes mellitus; CV, cardiovascular.  

Additional analyses 
Additional analyses of the subgroup of working RTRs revealed that the inclusion of 
occupational PA in the estimate of MVPA resulted in the attenuation of the HRs of all 
of the significant and non-significant associations (Table 3).  

Table 3. Additional analysis on the associations of MVPA with long-term health 
outcomes in RTRs who are working (n=322) 

Physical activity MVPA (cont.) No-MVPA MVPA>0
HR (95% CI) P value N* Reference N* HR (95% CI) P value

Post-transplant DM
Non-occupational MVPA 0.87 (0.74-1.03) 0.113 10 1.00 10 0.46 (0.19-1.11) 0.086 
Total MVPA 0.91 (0.78-1.06) 0.212 8 1.00 12 0.47 (0.19-1.17) 0.051 

Cardiovascular mortality
Non-occupational MVPA 0.63 (0.48-0.83) 0.001 12 1.00 3 0.12 (0.04-0.44) 0.001
Total MVPA 0.75 (0.63-0.91) 0.003 9 1.00 6 0.22 (0.08-0.63) 0.049

All-cause mortality 
Non-occupational MVPA 0.76 (0.66-0.87) <0.01 25 1.00 11 0.23 (0.12-0.48) <0.01
Total MVPA 0.82 (0.74-0.92) 0.001 19 1.00 17 0.32 (0.16-0.61) <0.01

Note: Total PA was the sum of non-occupational and occupational MVPA in min/week. DM=diabetes mellitus, 
MVPA=moderate-to-vigorous physical activity, HR=hazard ratio, CVD=cardiovascular disease, N*=number of 
events. Analyses were adjusted for age, sex and kidney function parameters. 
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The association of non-occupational MVPA with cardiovascular and all-cause mortality 
was stronger compared with that of total MVPA, which includes occupational MVPA. 

Age-stratified analyses revealed that associations of MVPA with long-term health 
outcomes were stronger in older adults (Figure 3).  

Figure 3. Subgroup analysis for the associations of MVPA with long-term health 
outcomes over age categories.  
Note: Stratified Cox regression analysis. Reference group is the “No MVPA.” Data are expressed as hazard ratio
and 95% CI. Error bars indicate 95% CIs. Analysis was adjusted for age, sex and kidney function parameters.
DM, diabetes mellitus; CV, cardiovascular. 

The results of the competing risk analyses showed that there was no strong 
influence of a competing risk of all-cause mortality on the association of MVPA with 
PTDM. For instance, the competing HR was 0.51 (0.30–0.92, P = 0.04) for the 
highest MVPA with PTDM after adjusting for age and sex. By comparison, the HR was 
0.49 (0.25–0.96, P = 0.04, model 1, Table 2) when competing risks were discounted. 

DISCUSSION 

We found that increased daily-life MVPA is associated with a reduced risk of PTDM, 
cardiovascular mortality, and all-cause mortality in RTRs independently of age, sex, 
baseline kidney function parameters, transplant characteristics, and other lifestyle 
habits. The association of MVPA with PTDM was affected by the adjustments we 
made for baseline glucose levels and metabolic parameters, but it did not seem to be 
affected by other potential confounders, notably body composition and 
immunosuppressive medication. The associations of MVPA with cardiovascular and 
all-cause mortality were not substantially affected by adjustments made for the 
above-mentioned confounders. These results confirm the importance of PA in the 
long-term healthcare management of RTRs.  
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Previous studies have found that PTDM is highly prevalent in RTRs [3][34]. 
However, data on lifestyle interventions for improving glucose tolerance or 
observational data on the association of increased PA with incidences of PTDM are 
lacking [13][35]. An intervention study showed that lifestyle modifications, including 
the incorporation of exercise training, improved 2-h postprandial glucose levels in 
RTRs who were glucose intolerant [35]. One observational study found that higher 
levels of PA are associated with a lower risk of glucose intolerance in RTRs [13]. 
However, this study entailed a cross-sectional design and did not test whether this 
association of PA is independent of other potential confounders. In our longitudinal 
study, the association of MVPA with PTDM was found to be independent of age, sex, 
baseline kidney function parameters, transplant characteristics, and other lifestyle 
factors, such as smoking, alcohol use, and daily caloric intake. However, the 
association was affected by adjustments made for immunosuppressive medication, 
body composition (BMI and waist circumference), baseline glucose levels, and 
metabolic parameters. It is widely accepted that obesity is associated with the 
development of diabetes within the general population [36]. The use of 
immunosuppressive medications play a role in the development of PTDM through a 
pathway of stimulation of gluconeogenesis affecting increased blood glucose which 
can leads to insulin resistance in combination with other mechanisms [34]. However, 
when we applied log-transformed continuous MVPA, significant associations were 
observed after we adjusted for immunosuppressive medication and body 
composition, indicating that statistical power issues may also play a role. Thus, 
further large-scale studies of a longer duration should be conducted to explore 
whether or not MVPA is associated with PTDM independently of immunosuppressive 
medication and obesity.  

A previous study, investigating another sample of RTRs, found that a lower PA is 
strongly associated with an increased risk of cardiovascular and all-cause mortality 
[14]. In their Cox regression analyses, these authors found that the association was 
independent of potential confounders, including the history of CVD, muscle mass, 
and Framingham CVD risk score factors. However, they did not adjust for some 
clinical variables, such as kidney function and transplant characteristics (e.g., 
transplant vintage and donor type). Our study supports an independent association 
of PA with the risk of cardiovascular and all-cause mortality. Studies have pointed to 
the benefit of PA within the general population in preventing premature mortality. 
One of the mechanisms proposed to explain the effects of increased PA entails the 
improvement of all organ systems, especially the cardiovascular system [5]. 
Specifically in RTRs, improved cardiovascular function is associated with 
improvements in kidney function. Increased physical activity can support perfusion 
and oxygen delivery in the kidneys. Studies have shown that higher levels of daily-
life PA are associated with a lower risk of renal function decline within the general 
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population and in patients with chronic kidney disease [37-39]. Consequently, 
increased PA, by improving kidney function, may be of benefit for long-term graft 
survival. This effect may also be due to improvements in metabolic dysfunctions, 
such as insulin resistance, impaired glucose tolerance, dyslipidemia, and 
hypertension, all of which are related to (central) adiposity [40-42]. Furthermore, a 
number of studies on diet analysed in-depth the effect of dietary factors on the same 
outcomes such as PTDM, renal function decline and mortality [21-23, 43-44]. They 
suggest that lifestyle is very important for RTR, however, it should be noted that 
MVPA in daily life has not gotten that much attention. Taken together, these findings 
suggest that the improvement of daily-life MVPA needs to be evaluated as a therapy 
for improving patients’ long-term survival.  

Within this RTR population, MVPA levels were lower than those within the 
general population. In our study, 38% of RTRs were inactive (“No-MVPA”), whereas 
in the Lifelines cohort, a population-based study for which the same questionnaire 
(SQUASH) and comparable data processing methods were used, the prevalence of 
inactivity (“No-MVPA”) was 10% (n=125 402, 40.5% males, median age of 45) 
[28][45]. Even in different age groups and gender, it was lower, ranging between 
7.5% (n=42,661, 40% of males, median age of 40) and 12.5% (n=34,506, 45.6% of 
males, median age of 56) in the Lifelines. Lower PA levels among RTRs may be 
attributed to lower muscle mass (a structural abnormality) and muscle weakness (a 
functional abnormality) [6]. Our descriptive analysis indicated that inactive RTRs had 
a lower 24-hour creatinine excretion value (a marker of muscle mass) compared with 
that of active RTRs. We also found that the duration of pre-transplantation dialysis 
was longer in inactive RTRs, although not significantly so. Studies concluded that low 
muscle mass can be caused by low PA levels [6-7, 9]. This conclusion is in line with 
our findings, indicating that the association was slightly attenuated after we adjusted 
for renal factors and muscle mass but that the effect of PA remained evident. 
Actually a shorter time on dialysis would thus also help post-transplant health 
because studies showed that the level of PA declines in patients with end-stage 
kidney diseases and it increases after transplantation [7]. Finally, both recovery of 
activity after transplantation, as well as prevention of inactivity and loss of muscle 
mass in people with longstanding kidney disease is important for long-term health 
after transplantation.  

A growing body of evidence is showing that occupational MVPA may have no 
clear benefit on health in the general population [18-20, 28, 45]. This was tested in 
our study including a specific patient population, the RTR. Even in the case of RTR, 
where being at work may be indicative of relatively good health, individuals who 
were much more active in terms of their occupational MVPA may not obtain any 
additional benefits for health. A clear mechanism that prevents occupational PA from 
generating health benefits is missing. There is always the possibility of residual 
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confounding by factors such as sex, socioeconomic status, work-related stress, and 
body weight in the association between occupational PA and health outcomes [18, 
20, 28, 45]. Studies attempted to explore the possibility of residual confounding, but 
also found no clear association of occupational MVPA and health outcomes. Thus, we 
suggest that it is important to be aware that occupational MVPA should not be 
considered as a substitute for leisure time MVPA in RTR. 

The potential benefit of PA seems to be more pronounced in older adults, a 
phenomenon that was described before in the general population [46]. In general 
population, studies concluded that the benefit of PA can be gained more easily when 
there is more room for improvement, like as in older people. However, it might also 
be that its effects will be potentially outweighed by other, more important clinical 
factors (e.g., comorbidities and medication use). Therefore, we attempted to test the 
effect of physical activity in specific groups such as in RTR in two age groups. We 
found that a higher MVPA is strongly associated with the development of long-term 
outcomes such as PTDM and cardiovascular mortality in younger and older adults, 
but is especially stronger in older adults. Thus, older RTR who are able to remain 
active despite their longstanding condition are likely to remain relatively healthy. 

The strengths of this study include its prospective design, long duration and 
complete follow-up. Another strength is we included stable RTRs after 
transplantation and studied relevant clinical outcomes. Nevertheless, there are some 
limitations to our study. A limitation of this study was its use of self-reporting, which 
is subject to recall bias, for the PA assessment. However, the SQUASH questionnaire 
has been validated within general as well as specific populations, such as patients 
who have undergone total hip arthroplasty and those with ankylosing spondylitis [26, 
47, 48]. Furthermore, PA was assessed at a single point in time. However, in RTR, 
after 1-year of transplantation, PA is increased by 30% and remained materially 
unchanged the next 5-years [16]. In this study we included RTR >1 year graft 
functioning with a median of 5.7 years post-transplantation. An another limitation is 
that, we could not fully control for the history of all cardiometabolic diseases in the 
association of MVPA with all-cause mortality. Patients with a history of diabetes or 
CVD before the transplantation were excluded from the analyses on the association 
between MVPA and PTDM or CV mortality. However, cardiometabolic diseases might 
be more prevalent in ‘No-MVPA’ group after transplantation as well. Finally, the 
observational nature of the study precludes us from drawing conclusions regarding 
causality.   

CONCLUSIONS

Higher daily-life MVPA is associated with a reduced risk of PTDM as well as 
cardiovascular and all-cause mortality in RTRs, suggesting that PA has a positive 
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influence on the long-term health management of RTRs. The associations of MVPA 
with cardiovascular and all-cause mortality were not substantially affected by 
adjustments made for potential confounders, such as age, sex, baseline kidney 
function parameters, transplant characteristics, lifestyle habits, metabolic 
parameters, body composition, and immunosuppressive medication. The association 
of MVPA with PTDM was affected by adjustments of metabolic parameters and 
glucose levels. The potentially beneficial effects of daily-life PA apply to non-
occupational activities at the moderate-to-vigorous level (e.g., commuting, leisure 
activities, or sport). By contrast, a higher level of occupational MVPA is not directly 
associated with the development of long-term outcomes. The associations of non-
occupational MVPA and the risk of PTDM and cardiovascular mortality were also 
stronger in older adults. Finally, we suggest that because of the long-term 
importance of PA, it should be embedded in the healthcare management of RTRs. 
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Table S1. Baseline characteristics according to the presence of long-term health 
outcomes  

Variables Post-transplant diabetes 
mellitus

All-cause mortality

Without 
(n=521)

With 
(n=129)

Without 
(n=449)

With 
(n=50)

General characteristics
Age (years) 51.5 ± 13.4 52.7 ± 10.9 50.9 ± 12.5 60.5 ± 10.5*
Male gender (%, n) 56.7 (245) 62.3 (33) 56.1 (311) 59.2 (90)
Current smoking (%, n) 12.0 (52) 20.8 (11) 11.9 (66) 11.8 (18)
Alcohol use (g/day) 3.1 (0-12.4) 3.5 (0-10.0) 3.2 (0.0-11.6) 1.0 (0-6.5)*
Total energy intake (kcal/d) 2203.1 ± 658.4 2205.9 ± 522.3 2203.2 ± 656.1 2035.1 ± 

554.6*
SBP (mm Hg) 134.9± 17.0 141.4 ± 17.6* 135.4 ± 17.1 138.0 ± 18.9
DBP (mm Hg) 82.6 ± 10.9 87.0 ± 11.1* 82.9 ± 11.1 81.0 ± 10.8
BMI (kg/m2) 25.8 ± 4.7 27.6 ± 4.7 26.5 ± 4.7 27.2 ± 5.1
Waist in men (cm) 98.4 ± 11.7 106.6 ± 13.6 100.3 ± 12.7 104.8 ± 15.6
Waist in women (cm) 92.1 ± 15.6 99.6 ± 16.2 94.1 ± 15.6 98.6 ± 14.8*
Total cholesterol (mmol/L) 5.1 ± 1.1 5.3 ± 1.3 5.1 ± 1.1 5.1 ± 1.3
Triglyceride (mmol/L) 1.6 (1.2-2.1) 2.2 (1.4-3.1)* 1.7 (1.2-2.3) 1.9 (1.4-2.6)*
HDL-C in men (mmol/L) 1.3 ± 0.4 1.1 ± 0.3* 1.3 ± 0.4 1.2 ± 0.4
HDL-C in women (mmol/L) 1.6 ± 0.5 1.4 ± 0.3* 1.6 ± 0.5 1.4 ± 0.4*

Kidney function 
eGFR (mL/min/1.73m2) 53.0 ± 20.5 51.0 ± 16.8 54.0 ± 20.4 46.2 ± 19.1
Albumin excretion (mg/24h) 269.1 ± 709.2 235.4 ± 625.0 230.1 ± 681.8 410.7 ± 833.7*
Proteinuria (%, n) 20.4 (88) 20.8 (11) 19.0 (105) 34.9 (53)*
Primary renal disease (%, n)
Glomerulosclerosis 28.9 (125) 34.0 (18)* 29.8 (165) 21.7 (33)
Glomerulonephritis 7.9 (34) 7.5 (4) 8.5 (47) 4.6 (7)
Tubulointerstitial nephritis 12.5 (54) 11.3 (6) 12.6 (70) 9.2 (14)
Polycystic kidney disease 22.5 (97) 17.0 (9) 19.9 (110) 24.3 (37)
Renal hypodysplasia 3.7 (16) 3.8 (2) 4.2 (23) 3.9 (6)
Renavascular diseases 5.1 (22) 5.7 (3) 5.6 (31) 5.9 (9)
Diabetes mellitus - - 2.9 (16) 13.2 (20)*
Others 17.6 (76) 17.0 (9) 16.6 (92) 17.1 (26)

Transplant characteristics 
Transplant vintage (months) 15.0 (2.0-44.0) 10.0 (1.0-34.0) 14.0 (2.0-41.0) 19.0 (0-39.0)
Living donor (%, n) 35.2 (152) 37.7 (20) 39.2 (217) 16.4 (25)*
Pre-emptive transplant (%, n) 17.4 (75) 15.1 (8) 18.1 (100) 8.6 (13)*
Cold ischemia time (h) 15.2 (2.7-21.3) 15.5 (2.6-24.0) 14.5 (2.6-21.0) 18.0 (2.7-24.0)*
Acute rejection 24.8 (107) 22.6 (12) 25.8 (143) 30.3 (46)
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Table S1. (continued).  
Variables Post-transplant diabetes 

mellitus
All-cause mortality

Without 
(n=521)

With 
(n=129)

Without 
(n=449)

With 
(n=50)

Calcineurin inhibitor 
Cyclosproine (%, n) 36.8 (159) 49.1 (26) 38.4 (213) 42.1 (64)
Tacrolimus (%, n) 17.1 (74) 20.8 (11) 18.1 (100) 19.7 (30)

Proliferation inhibitor
Azathioprine (%, n) 19.0 (82) 15.1 (8) 17.5 (97) 17.1 (26)
Mycophenolate (%, n) 66.7 (288) 60.4 (32) 67.9 (376) 57.2 (87)*
Prednisolone dose (mg) 10.0 (7.5-10.0) 10.0 (7.5-10.0) 10.0 (7.5-10.0) 10.0 (7.5-10.0)

Note: Data are presented as mean ± SD or median (interquartile range) and percentage (number). SBP, systolic 
blood pressure; DBP, diastolic blood pressure; BMI, body mass index; HDL-C, high-density lipoprotein 
cholesterol; eGFR, estimated glomerular filtration rate. Differences were tested by analysis of variance or Kruskal-
Wallis for continuous variables and with χ2 test for categorical variables. 
* P<0.05.

Figure S1. Level of daily-life PA according to occupational status (A) and age (B). 
Note: Data are presented as minutes per week adjusted for age and sex. Non-occupational MVPA included 
commuting and leisure-time physical activity.   
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ABSTRACT 

Aims: To investigate prospectively the association of body fat percentage (BF%) 
estimates using various equations from bioelectrical impedance analysis (BIA) with 
cardiovascular events, compared with body mass index (BMI) and waist 
circumference. 

Methods and results: We used data of 34 BIA-BF%-equations that were used for 
estimation of BF% in 6486 (men=3194, women=3294) subjects. During a median 
follow-up of 8.3 years, 510 (7.9%) cardiovascular events (363 in men; 147 in 
women) occurred. In men, the crude hazard ratio (95% confidence interval) for BF% 
from the best predicting BIA-BF%-equation was 3.97 (3.30–4.78) against 2.13 
(1.85–2.45) for BF% from the BIA device’s BIA-BF%-equation, 1.34 (1.20–1.49) for 
BMI and 1.49 (1.40–1.73) for waist circumference per log-1-SD increase of all. In 
women, the hazard ratios for best predicting BIA-BF%-equation, BIA device 
estimation, BMI and waist circumference were 3.80 (2.85–4.99), 1.89 (1.57–2.28), 
1.35 (1.21–1.51) and 1.52 (1.31–1.75), respectively. After adjustments for age, 
Framingham cardiovascular disease risk score and creatinine excretion – a marker of 
muscle mass – BF%s and BMI remained independently associated with 
cardiovascular events in both men and women, while waist circumference was 
independently associated with cardiovascular events in men, but not in women. 
According to discrimination ability (C-index) and additive predictive value (net 
reclassification index and integrated discrimination index) on obesity measures to the 
Framingham cardiovascular disease risk score, BF% was superior to BMI and waist 
circumference in both men and women. 

Conclusion: BF% was independently associated with future cardiovascular events. 
Body fat estimates from the best predicting BIA-BF%-equations can be a more 
predictive measurement in cardiovascular risk assessment than BMI or waist 
circumference. 

Keywords: body fat, bioelectrical impedance analysis, cardiovascular disease, BMI, 
waist circumference 
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INTRODUCTION 

Cardiovascular disease (CVD) is a major cause of mortality in both men and 
women[1]. While men have the highest CVD incidence, CVD is increasing in women, 
especially younger women [2]. This creates a need to investigate whether CVD 
indicators in women differ from those in men. One potential candidate could be the 
risk related to adiposity [3]. Although excess body fat is recognized as an important 
causal factor, the strength of its association with CVD may depend on the method 
used to measure adiposity, and there may be differences between men and women 
[4-5]. 

The most commonly used measures in CVD risk assessment to date are body 
mass index (BMI) and waist circumference [6]. Importantly, these biometric 
measures do not differentiate between fat and fat-free mass, the latter of which 
includes muscle mass, which may be inversely associated with CVD risk [7-8]. 
Furthermore, the accurate evaluation of waist circumference could depend on 
measurement procedures, and it is also only a poor measure of the intra-abdominal 
fat mass it is supposed to measure, thereby weakening its association [9]. Other 
methods used to measure adiposity more accurately such as magnetic resonance 
imaging, dual-energy X-ray absorptiometry or computed tomography scan, are 
usually expensive, labour-intensive, and require radiation exposure [10-11]. The 
exception may be bioelectrical impedance analysis (BIA). BIA is non-invasive, 
feasible, low cost and potentially useful, particularly in clinical evaluation [11-12]. 
The principle underpinning this method is that measurement is possible because lean 
body mass conducts electricity more efficiently than fat mass does. By placing 
electrodes on the hands and feet, for example, it is possible quickly to measure how 
efficiently electricity is conducted through the body or impeded [10, 12]. Several 
BIA-BF%-equations are available which use impedance measures to calculate body 
fat, fat-free mass and total body water [10, 12, 13].  

Previous studies have compared how various obesity measures are associated 
with individuals’ cardiovascular risk profiles. Few have included BIA, and it is not 
clear which measure best predicts CVD [5, 13-15].  Another issue is that, with the 
plethora of BIA-BF%-equations available for estimating body fat percentage, it is not 
clear which equation is best [13]. Therefore, we hypothesized that BF% estimated by 
the best fitted BIA-BF%-equation might be a better predictor of future cardiovascular 
events than BMI and waist circumference. 

The aim of this study is to investigate prospectively the association between 
estimated body fat measured by bioelectrical impedance analysis with future 
cardiovascular events, compared with BMI and waist circumference, and particularly 
to assess the predictive value of body fat estimates using various BIA-BF%-equations 
and compare these differences between men and women. 
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METHODS 

Study population 
This study was conducted with participants from the Prevention of Renal and 
Vascular End-stage Disease (PREVEND) study. The PREVEND is a prospective Dutch 
cohort drawn from the general population, which began in 1997. The study design 
and recruitment processes are described in detail elsewhere [16]. We used data from 
second survey (2001-2002, n=6,894) as the baseline for the current analysis 
because the BIA measurement was only available from this period. We excluded 
participants with a history of CVD (n=201) and missing BIA data (n=168). Moreover, 
39 participants were lost to follow-up between the baseline and the first 
cardiovascular event, leaving a total of 6,486 participants. 

The PREVEND study was approved by the local medical ethics committee of the 
University Medical Center Groningen and conducted in accordance with the 
Declaration of Helsinki. All participants provided informed written consent [16].  

Measurements at baseline 
Body weight and height were measured to calculate BMI as the ratio between weight 
(kilograms) and the square of height (metres). Minimum waist circumference was 
measured on bare skin at the natural indentation between the 10th rib and the iliac 
crest. When there was no indentation we measured it in the middle between navel 
and rib cage. Systolic and diastolic blood pressures were calculated as the mean of 
the last two measurements [16]. A single frequency BIA device (BIA 101, RJL 
systems, Akern SRL, Italy) was used to measure whole-body electrical impedance at 
50 kHz between the hand and the foot. The bioelectrical impedance measures 
obtained were used to estimate body fat percentages [16].  Creatinine excretion - a 
marker of muscle mass was calculated as the mean of the two 24-hour urine 
collections [8]. The analytical methods for urine collection and other fasting blood 
sample methods are described in greater detail elsewhere [8, 16]. 

Baseline cardiovascular risk was evaluated using the Framingham 10-year CVD 
risk score including age, total and high-density lipoprotein cholesterol level, current 
smoking status, systolic blood pressure, anti-hypertensive medication use and 
diabetes.[17] Prevalent CVD was defined based on self-reported diagnosis by a 
physician of cardiac, cerebral, and peripheral vascular morbidity.  

Body fat estimation 
The device we used to measure bioelectrical impedance provided an estimate of 
BF% using the manufacturer’s unpublished BIA-BF%-equation. We also used 33 BIA-
BF%-equations to estimate BF%s. The equations were selected based on their 
having been developed for adults (Table S1) [10, 12-13, 18].  
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BIA-BF%-equations are developed to estimate various aspects of the body 
composition, including lean body mass (LBM), fat-free mass (FFM), total body water 
(TBW) and body fat mass. We used the following conversions to estimate BF%: FFM 
= 0.97 * LBM for men and FFM = 0.92 * LBM for women; FFM = TBW / 0.73; BF%= 
(body weight – FFM) / body weight [10, 13]. After conversion, a total of 34 different 
body fat estimates were eligible for evaluation for the prediction of CVD.  

Cardiovascular events 
We used the combined incidence of cardiovascular morbidity and mortality as our 
outcome measure, which we term ‘cardiovascular event’ in the remaining analyses. 
Information on cardiovascular morbidity was obtained from PRISMANT, the Dutch 
national registry of hospital discharge diagnoses. Data on mortality were obtained 
from the municipal register. Outcome data were coded according to the International 
Classification of Diseases, Ninth Revision (ICD-9) until 1 January, 2009 and after this 
date, ICD-10 codes were used. Cardiovascular events were defined as follows: acute 
myocardial infarction, acute and subacute ischaemic heart disease, subarachnoid 
haemorrhage, intracerebral haemorrhage, other intracranial haemorrhage, occlusion 
or stenosis of the pre-cerebral or cerebral arteries, coronary artery bypass grafting or 
percutaneous transluminal coronary angioplasty, and other vascular interventions. 
Follow-up was defined in our study as the period from the second survey to the date 
of the first cardiovascular event, death or 1 January 2011. 

Statistical analysis 
All the analyses were performed separately for men and women. The study 
characteristics were expressed as means with a standard deviation (SD) for normally 
distributed variables, medians with interquartile range for non-normally distributed 
variables or numbers with percentages (%) according to the participants with and 
without cardiovascular events. The differences between groups were compared using 
Student t-test or the Mann-Whitney U test and Chi-Square test. The age-adjusted 
Pearson partial correlation coefficient was calculated to evaluate associations of body 
fat estimates with baseline characteristics. 

Cox proportional hazard regression analysis was used to examine the association 
between BF% from various BIA-BF%-equations and future cardiovascular events and 
to compare this association with BMI and waist circumference. After crude Cox 
regression analysis, we adjusted all the obesity measures for age (Model1), 
Framingham CVD risk score (Model2) and creatinine excretion - a marker of muscle 
mass (Model3). The outcomes were presented as hazard ratio per standardized log 
(1-SD) unit increase, to enable better comparison between the obesity measures. To 
compare hazard ratio for obesity measures, the z-statistic test was calculated and 
each BIA-BF%-equation was compared with the BMI and waist circumference 
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respectively [19]. Product-terms of obesity measures and gender were added to test 
for potential gender differences of the associations of obesity measures with CVD. 

Harrell’s C-index was used to compare the discrimination of the obesity measures 
by adding each obesity measure (extended models) to the Framingham CVD risk 
score (base model) for the CVD prediction [17, 20] based on regression analysis. In 
addition, significance of the increases in C-index was tested by differences in -2 log 
likelihood of regression models with and without obesity measures. Furthermore, the 
net reclassification index (NRI) and integrated discrimination index (IDI) were used 
to assess the additive predictive value of obesity measures over the Framingham 
CVD risk score as the general CVD risk factor in assessing the improvement of 
obesity measures [21]. Calculations were based on the movement of an individual 
‘up’ or ‘down’ when reclassifying people with and without cardiovascular events 
through the addition of each obesity measure to the Framingham CVD risk score 
(NRI) and on the improvement in the mean sensitivity and any increase in 1-Specifity 
with obesity measures (IDI) [21].  

Subgroup analysis was performed age categories. The population was 
categorized as being over or under 55 years old, according to World Health 
Organization guideline [22]. The analysis was not performed for the female 
population, as the number of events was insufficient.  

Data used to calculate the Framingham CVD risk score up to 3.0% was missing. 
We performed a single imputation with predictive mean matching for missing data. A 
two-sided statistical significance was set at P < 0.05 for all tests. All statistical 
analyses were performed using SPSS software V.22 (Chicago, IL, USA,) and R 
software V.3.2.2 (http://www.r-project.org) and its libraries “survIDINRI” and 
“CsChange”. 

RESULTS 

The male and female participants who experienced a cardiovascular event were older 
and had worse cardiometabolic profiles with higher BMI but lower muscle mass, 
compared with participants who had not experienced a cardiovascular event (Table 
1). The BF% from BIA device and other BF%s from BIA-BF%-equations (Table S2) 
were all significantly higher in both male and female participants with a 
cardiovascular event (P < 0.05). Age-adjusted Pearson correlation analysis yielded 
body fat estimates from different BIA-BF%-equations which were all significantly 
associated with other obesity measures and creatinine excretion (Table S3) and 
cardiovascular risk factors (Table S4). 

A total of 510 (7.9%) participants experienced a cardiovascular event (363 in 
men; 147 in women) after a median follow-up of 8.3 (7.8-8.9) years. 
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Table 1. Baseline characteristics 
Characteristics Total Cardiovascular event

Without With P value
Men
Number (%) 3194 (49.2) 2831 (47.7) 363 (71.2) -
Age (years) 53.8 ± 12.3 52.6± 12.0 63.5 ± 10.4 <0.0001
Obesity measures 

Body fat mass (%)* 26.9 ± 6.3 26.5 ± 6.2 30.1 ± 5.8 <0.0001
BMI (kg/m2) 26.7 ± 3.7 26.6 ± 3.7 27.7 ± 3.5 <0.0001
Waist circumference (cm) 97.0 ± 11.1 96.5 ± 11.0 101.3 ± 10.6 <0.0001
Creatinine excretion(µmol/L) 14.88 ± 3.27 14.98 ± 3.27 14.16 ± 3.18 <0.0001

Cardiovascular risk factors
Current smokers (n, %) 881 (27.6) 760 (26.8) 121 (33.3) 0.012
Alcohol drinkers (n, %) 2589 (81.1) 2319 (81.9) 270 (74.4) <0.0001
SBP (mm Hg) 129.2 ± 16.8 129.2 ± 16.8 141.6 ± 20.1 <0.0001
Total cholesterol (mmol/L) 5.41 ± 1.03 5.40 ± 1.01 5.52 ± 1.17 0.033
HDL-cholesterol (mmol/L) 1.12 ± 0.26 1.13 ± 0.26 1.08 ± 0.27 0.001
Triglycerides (mmol/L) 1.52 ± 1.19 1.48 ± 1.13 1.80 ± 1.54 <0.0001
C-reactive protein (mmol/L) 1.27 (0.6-2.7) 1.18 (0.6-2.61) 2.04 (0.97-4.6) <0.0001
Framingham CVD risk score 13.9 ± 5.8 13.3 ± 5.7 17.1 ± 3.7 <0.0001
Type 2 diabetes (n, %) 116 (3.6) 83 (2.9) 33 (9.1) <0.0001

Women 
Number (%) 3292 (50.8) 3145 ( 52.6) 147 (28.8) -
Age (years) 52.3 ± 11.6 51.8 ± 11.4 62.5 ± 10.9 <0.0001
Obesity measures 

Body fat mass (%)* 36.3 ± 7.3 36.1 ± 7.3 40.2 ± 6.5 <0.0001
BMI (kg/m2) 26.6 ± 4.9 26.5 ± 4.9 28.6 ± 5.2 <0.0001
Waist circumference (cm) 87.3 ± 12.5 87.1 ± 12.4 93.0 ± 12.3 <0.0001
Creatinine excretion(µmol/L) 10.5 ± 2.3 10.6 ± 2.3 9.73 ± 2.49 <0.0001

Cardiovascular risk factors
Current smokers (n, %) 933 (28.3) 880 (28.0) 53 (36.1) 0.040
Alcohol drinkers (n, %) 2207 (67.0) 2139 (68.0) 68 (46.3) <0.0001
SBP (mm Hg) 122.2 ± 19.0 121.5 ± 18.6 138.4 ± 21.4 <0.0001
Total cholesterol (mmol/L) 5.46 ± 1.05 5.45 ± 1.05 5.78 ± 1.04 <0.0001
HDL-cholesterol (mmol/L) 1.37 ± 0.32 1.38 ± 0.32 1.27 ± 0.32 <0.0001
Triglycerides (mmol/L) 1.19 ± 0.72 1.18 ± 0.71 1.46 ± 0.87 <0.0001
C-reactive protein (mmol/L) 1.41 (0.6-3.3) 1.39 (0.6-3.20) 2.75 (1.18-5.9) <0.0001
Framingham CVD risk score 11.6 ± 6.2 11.3 ± 6.1 16.1 ± 3.8 <0.0001
Type 2 diabetes (n, %) 85 (2.6) 69 (2.2) 16 (10.9) <0.0001

Note: Data are presented as mean ± SD or median ( interquartile range, 25th-75th percentile) and number 
(percentages). *Default estimate for BF% using the device’s unpublished BIA-BF%-equation. CV,
cardiovascular; BMI, body mass index; SBP, systolic blood pressure; HDL, high-density lipoprotein; CVD,
cardiovascular disease; BF%, body fat percentage; BIA, bioelectrical impedance analysis

The hazard ratio (95% CI) for the BF% from the best predicting BIA-BF%-equation 
(Segal3) in men was 3.97 (3.30-4.78), against 1.34 (1.20-1.49) for BMI and 1.49 
(1.40-1.73) for waist circumference. In women, these hazard ratios were 3.80 (2.85-
4.99), 1.35 (1.21-1.51) and 1.52 (1.31-1.75) for the best predicting BIA-BF%-
equation (Van-Loan-Mayclin), BMI and waist circumference respectively. All in all, 
crude HRs for >10 BIA-BF%-equations were significantly higher than those for BMI 
and waist circumference (Figure 1, Table S5).  
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Figure 1. Comparison of the crude hazard ratios per standardized log unit increase 
for obesity measures in CVD prediction in (a) men, (b) women. 
Note: z-values indicate the differences between hazard ratios for BF% estimates and BMI or waist 
circumference. The z-value calculation was applied as z=(b[O1]-b[O2])/SE, where b[O1] and b[O2] are 
regression coefficients of the obesity measures, while SE is the standard error of the difference in the 
coefficients. This was computed as the square root of the sum of the squares of the standard errors 
for two coefficients. CI, confidence interval; BF%, body fat percentage; BMI, body mass index. WC, 
waist circumference. *P <0.05; ** P <0.01; ***P <0.001. 

The prediction value of all 34 BIA-BF%-equations was attenuated, with 33 equations 
remaining statistically significant in men and one in women after adjustment for age 
and Framingham CVD risk score and creatinine excretion (Tables 2&3). For the 
other obesity measures, BMI and waist circumference were independently associated 
with CVD in men. In women, BMI association with CVD remained statistically 
significant while waist circumference was no longer related to CVD after adjustment 
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for Framingham CVD risk score. On adding creatinine excretion, the predictions 
became slightly stronger for both men and women (P<0.001, Tables 2&3).  

Figure 1 (Continued). 

Table 2. Associations of BIA-BF%-equations, body mass index and waist 
circumference with cardiovascular events in men 

Obesity measures
Hazard ratio (95%CI)
Model1 Model 2 Model3

Body mass index 1.26 (1.12-1.42)**** 1.24 (1.10-1.40)** 1.28 (1.12-1.47)****
Waist circumference 1.30 (1.15-1.47)**** 1.27 (1.12-1.44)**** 1.32 (1.15-1.51)****
Body fat%
BIA 101 AKERN 1.23 (1.04-1.45)* 1.22 (1.03-1.44)* 1.23 (1.03-1.46)*
Heitmann1 1.76 (1.29-2.39)**** 1.67 (1.22-2.28)** 1.77 (1.27-2.46)***
Heitmann2 1.41 (1.17-1.70)**** 1.37 (1.13-1.65)** 1.41 (1.16-1.73)**
Segal1 1.32 (1.15-1.53)**** 1.29 (1.12-1.49)** 1.34 (1.14-1.56)***
Segal2 1.36 (1.15-1.61)**** 1.32 (1.12-1.56)** 1.35 (1.13-1.60)**
Segal3 1.68 (1.25-2.24)*** 1.59 (1.19-2.14)** 1.58 (1.18-2.13)**
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Table 2. (continued). 

Obesity measures
Hazard ratio (95%CI)
Model1 Model 2 Model3

Segal4 1.45 (1.19-1.76)**** 1.40 (1.15-1.71)** 1.41 (1.15-1.73)**
Segal5 1.29 (1.12-1.49)**** 1.26 (1.10-1.45)** 1.31 (1.12-1.53)**
Segal6 1.36 (1.17-1.58)**** 1.32 (1.14-1.54)**** 1.37 (1.16-1.62)****
Van_Loan_Mayclin 1.60 (1.27-2.02)**** 1.53 (1.21-1.94)**** 1.59 (1.24-2.05)****
Kyle 1.28 (1.10-1.50)*** 1.26 (1.08-1.46)** 1.28 (1.09-1.51)**
Aglago1 1.27 (1.06-1.53)* 1.24 (1.03-1.49)* 1.27 (1.04-1.54)*
Deurenberg 1.40 (1.15-1.69)**** 1.35 (1.11-1.64)** 1.37 (1.12-1.68)**
Boulier 1.22 (0.98-1.53) - -
Chumlea 1.26 (1.06-1.49)*** 1.23 (1.04-1.46)* 1.23 (1.03-1.47)*
Gray1 1.37 (1.17-1.60)**** 1.33 (1.14-1.55)**** 1.36 (1.16-1.61)****
Gray2 1.24 (1.06-1.45)** 1.21 (1.03-1.42)* 1.21 (1.03-1.42)*
Jebb 1.18 (1.04-1.3)* 1.16 (1.02-1.31)* 1.18 (1.03-1.35)*
Lukaski1 1.17 (1.03-1.34)* 1.15 (1.01-1.31)* 1.15 (1.01-1.32)*
Lukaski2 1.17 (1.03-1.34)* 1.15 (1.01-1.31)* 1.15 (1.01-1.32)*
Lukaski3 1.22 (1.07-1.40)** 1.20 (1.04-1.37)* 1.20 (1.05-1.38)*
Rising 1.31 (1.07-1.61)* 1.27 (1.03-1.56)* 1.29 (1.04-1.60)*
Stolarczyk 1.37 (1.18-1.59)**** 1.34 (1.15-1.55)**** 1.37 (1.18-1.61)****
Wattanapenpaiboon1 1.17 (1.03-1.33)* 1.16 (1.02-1.32)* 1.16 (1.02-1.32)*
Wattanapenpaiboon2 1.17 (1.03-1.33)* 1.15 (1.01-1.31)* 1.16 (1.01-1.32)*
Sun 1.22 (1.03-1.45)* 1.19 (1.01-1.42)* 1.19 (1.00-1.42)*
Aglago2 1.27 (1.06-1.52)* 1.24 (1.03-1.49)* 1.26 (1.04-1.53)*
Heitmann3 1.26 (1.11-1.42)**** 1.23 (1.09-1.40)** 1.25 (1.09-1.42)**
Kushner 1.18 (1.02-1.34)* 1.15 (1.00-1.32)* 1.15 (1.00-1.32)*
Kushner_Schoeller1 1.17 (1.02-1.34)* 1.15 (1.00-1.31)* 1.15 (1.00-1.32)*
Kushner_Schoeller2 1.18 (1.04-1.33)* 1.16 (1.02-1.31)* 1.17 (1.02-1.33)*
Kushner_Schoeller3 1.17 (1.04-1.33)* 1.16 (1.02-1.31)* 1.17 (1.02-1.33)*
Lukaski_Bolunchuk1 1.24 (1.04-1.47)* 1.21 (1.02-1.44)* 1.22 (1.02-1.45)*
Lukaski_Bolunchuk2 1.24 (1.04-1.49)* 1.21 (1.01-1.45)* 1.22 (1.02-1.46)*

Note: Cox regression analysis. Data are expressed as hazard ratios per standardized log (1-SD) unit increase 
and 95% confidence intervals (95% CIs). BIA, bioelectrical impedance analysis; BF%, body fat percentage; CI,
confidence interval; CVD, cardiovascular disease; SD, standard devision. 
Model1: adjusted for age;  
Model2: adjusted for age, Framingham CVD risk score; 
Model3: adjusted for age, Framingham CVD risk score, creatinine excretion – a marker of muscle mass.
*P<0.05, ** P <0.01, *** P <0.001, **** P <0.0001.

Table 3. Associations of BIA-BF%-equations, body mass index and waist 
circumference with cardiovascular events in women 

Obesity measures
Hazard ratio (95%CI)
Model1 Model 2 Model3

Body mass index 1.19 (1.04-1.37)* 1.16 (1.01-1.33)* 1.19 (1.03-1.38)*
Waist circumference 1.21 (1.02-1.43)*
Body fat%
BIA 101 AKERN 1.20 (0.96-1.50)
Heitmann1 1.46 (0.99-2.17)
Heitmann2 1.31 (1.01-1.69)*
Segal1 1.26 (1.02-1.55)*
Segal2 1.26 (0.99-1.62)
Segal3 1.40 (0.96-2.03)
Segal4 1.31 (0.98-1.75)
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Table 3. (continued). 

Obesity measures
Hazard ratio (95%CI)
Model1 Model 2 Model3

Segal5 1.21 (0.99-1.48)
Segal6 1.30 (1.05-1.62)*
Van_Loan_Mayclin 1.66 (1.10-2.49)* 1.53 (1.21-1.94)* 1.54 (1.02-2.32)*
Kyle 1.15 (0.91-1.44)
Aglago1 1.21 (0.88-1.68)
Deurenberg 1.40 (1.02-1.91)*
Boulier 1.17 (0.80-1.70)
Chumlea 1.18 (0.95-1.47)
Gray1 1.30 (1.04-1.61)*
Gray2 1.07 (0.87-1.31)
Jebb 1.09 (0.93-1.27)
Lukaski1 1.11 (0.91-1.35)
Lukaski2 1.11 (0.91-1.35)
Lukaski3 1.12 (0.92-1.37)
Rising 1.14 (0.92-1.41)
Stolarczyk 1.21 (0.98-1.49)
Wattanapenpaiboon1 1.09 (0.91-1.30)
Wattanapenpaiboon2 1.11 (0.92-1.34)
Sun 1.13 (0.90-1.43)
Aglago2 1.21 (0.88-1.67)
Heitmann3 1.19 (1.01-1.41)*
Kushner 1.11 (0.90-1.37)
Kushner_Schoeller1 1.11 (0.91-1.36)
Kushner_Schoeller2 1.10 (0.93-1.30)
Kushner_Schoeller3 1.10 (0.93-1.30)
Lukaski_Bolunchuk1 1.18 (0.89-1.57)
Lukaski_Bolunchuk2 1.19 (0.88-1.60)

Note: Cox regression analysis. Data are expressed as hazard ratios per standardized log (1-SD) unit increase 
and 95% confidence intervals (95% CIs). BIA, bioelectrical impedance analysis; BF%, body fat percentage; CI,
confidence interval; CVD, cardiovascular disease; SD, standard devision. 
Model1: adjusted for age;  
Model2: adjusted for age, Framingham CVD risk score; 
Model3: adjusted for age, Framingham CVD risk score, creatinine excretion – a marker of muscle mass.
*P<0.05.

Formal testing for interaction between obesity measures and gender for associations 
with CVD did not yield significant p-values. Based on the discrimination, the C-index 
for the CVD prediction was 0.700 and 0.751 in men and women using the base 
model (Framingham CVD risk score) and increased with the addition of each obesity 
measure. However, the only statistically significant increases in C-index were found 
for the extended model containing BIA (Table 4, Table S6).  

To take the comparison further, Figure 2 depicts the effect of using the 
additional information from all the obesity measures on the CVD prediction based on 
NRI and IDI. The highest correct reclassification was 30.9% for a BIA-BF%-equation 
against 14.9% for BMI and 18.3% for waist circumference in men (p<0.001). In 
women, only BIA showed significant improvements in reclassification, whereas BMI 
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and waist circumference failed to improve NRI and IDI. An overall correct 
reclassification of BIA-BF%-equation was 24.8% in women (Figure 2, Table S7). 

Table 4. C-index for the model containing different obesity measures in prediction of 
cardiovascular event 

Male C-index  (95%CI) P value C-Index changes 
(95%CI)

P value

Base model 0.700 (0.678; 0.723) <.0001 - -
Extended models - - -

Base + BMI 0.705 (0.683; 0.728) <.0001 0.005 (-0.002; 0.013) 0.17
Base + WC 0.711 (0.689; 0.734) <.0001 0.011 (-0.001; 0.023) 0.06
Base + Body fat%* 0.731 (0.709; 0.753) <.0001 0.031 (0.015; 0.047) <.0001

Female 
Base model 0.751 (0.718; 0.784) <.0001 - -
Extended models - - -

Base + BMI 0.759 (0.728; 0.791) <.0001 0.009 (-0.004; 0.021) 0.18
Base + WC 0.758 (0.725; 0.790) <.0001 0.007 (-0.003; 0.017) 0.18
Base + Body fat%* 0.774 (0.742; 0.806) <.0001 0.023 (0.006; 0.041) 0.01

Note: Base model: Framingham CVD risk score. *Body fat is estimated using the Van-Loan-Mayclin BIA-BF%-
equation. CI, confidence interval; BMI, body mass index; WC, waist circumference; BF%, body fat percentage; 
CVD, cardiovascular disease; BIA, bioelectrical impedance analysis

Subgroup analysis by age shows that BF% and waist circumference were 
independently associated with CVD in both younger and older men while BMI 
discriminates cardiovascular events better in younger men (Figure S2). 

DISCUSSION 

We identified that the association of BF% measured by BIA was independently 
associated with future cardiovascular events. The predictive value of BIA depends on 
the equation used. The body fat estimates from the best-predicting BIA-BF%-
equations were strongly associated with future cardiovascular events, and this effect 
was stronger when compared with BMI and waist circumference in men and women. 
Furthermore, BIA was the best method among the obesity measures for improving 
cardiovascular risk assessment of Framingham CVD risk score in men, and the only 
method in women.  

To the best of our knowledge, this is the first longitudinal study to compare 
different BIA-BF%-equations in the prediction of CVD. In a cross-sectional study by 
Willet, the predictive ability of BIA was shown to differ according to the equations 
used, in line with our study [13]. Our study showed that the predictive value of BIA 
could be improved by using a BIA-BF%-equation fitted to a specific population. For 
instance, the predictive value of the body fat estimate based on our BIA device 
manufacturer’s BIA-BF%-equation was lower than at least 10 other equations. 
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Figure 2. The additive predictive value of obesity measures over the Framingham 
(CVD) risk score as assessed by the paired difference of risk scores in CVD 
prediction.  
Note: The additive predictive value of obesity measures over the Framingham cardiovascular disease 
(CVD) risk score as assessed by the paired difference of risk scores in CVD prediction. Data are 
shown by paired difference between the risk scores estimated at t=10 years on the probability scale 
using base and extended models by BMI, waist circumference and BF% (from top to bottom) in men 
and women. The difference between the areas (red) under the two curves indicates the integrated 
discrimination index. The difference between two black dots indicates the continuous net 
reclassification index. The difference between two grey dots indicates the median improvement. y-
axis, pr(D≤)=cumulative probability; x-axis, s=difference between base and extended model risk 
scores. *BF% is estimated using the Van-Loan-Mayclin BIA-BF%-equation.  
BMI, body mass index; WC, waist circumference; BF%, body fat percentage; BIA, bioelectrical 
impedance analysis

Moreover, since the BIA devices’ default algorithms are based on company equations 
and the information about these equations is not clear, we considered it would be 
better to investigate openly available algorithms as well. In addition, according to 
hazard ratios and C-indexes, the Van-Loan-Mayclin BIA-BF%-equation was the best-
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predicting equation in CVD prediction in men and women, making it worth 
investigating its predictive power in other populations. 

Our second aim was to compare the association between BIA and cardiovascular 
events to other obesity measures, such as BMI and waist circumference. Several 
studies agree with our findings, which showed that BIA is better for CVD prediction 
than BMI and waist circumference [5, 14]. For instance, a long-term population-
based study of 26,942 participants identified that BF% was more strongly correlated 
with cardiovascular events when compared with BMI and waist circumference [5]. 
Marques et al. found that BIA-BF% permitted the capture of three times more 
participants with high estimated cardiovascular risk than BMI and almost twice as 
many as the waist-to-hip ratio in 10-year CVD risk estimation [14].  Nevertheless, not 
all the studies reported that BIA is superior to BMI and waist circumference for 
estimating CVD risk [13, 15]. One of the explanations for these controversial results 
might be that they used an unsuitable BIA-BF%-equation. Furthermore, Willett and 
colleagues’ study findings reported that fewer than 10 of the 51 BIA-BF%-equations 
tested were close to but not superior to BMI in the prediction of obesity-related risk 
factors, such as fasting plasma glucose, HDL, triglyceride and systolic blood pressure. 
However, comparison between BIA and BMI was based only on the correlation 
coefficients and was not supported by any formal comparisons [13]. In our 
prospective study, the superiority of BIA was supported by a number of tests, such 
as a z-test, C-index and NRI and IDI.  

We found clear sex differences in CVD prediction using different obesity 
measures. This could be explained by different fat distributions in men and women, 
which have different roles in cardiovascular risk [4, 23]. There is an indication that 
total fat expressed in BF% and BMI were independent predictors of cardiovascular 
events in both men and women, whereas an indication of abdominal fat such as 
waist circumference was associated with future cardiovascular events only in men. 
This finding aligns with previous studies reporting that abdominal fat distribution is 
more strongly related to CVD in men. Onat et al. identified that visceral adiposity is a 
better predictor of CVD risk in men, while total fat is more closely associated with 
CVD risk in women [4]. Florath et al. found an overestimation of waist circumference 
for CVD risk in women but not in men [23]. Furthermore, the current CVD risk 
burden in men and women argues for improvements in the risk assessment and the 
prevention of CVD [24- 25], especially for women [2]. Our study suggests that a sex-
specific CVD risk assessment could be improved by using BIA as one of the obesity 
measures; only BIA provided significant improvement in the prediction of 
Framingham CVD risk scores in women. 

Since our hypothesis is based on the predictive power of body fat, we used 
creatinine excretion in our analysis to identify whether BIA-BF% is associated with 
future cardiovascular events independently of muscle mass. A study by Srikanthan et 
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al. showed that a specific subgroup with high muscle mass and lower fat mass had a 
lower mortality rate than other groups [26]. For our study population, a previous 
analysis by Oterdoom et al. showed that muscle mass as reflected by creatinine 
excretion predicts the development of CVD [8]. However, we found that the 
association between BIA and future cardiovascular events is independent of the 
creatinine excretion. 

Several limitations apply to the methodology of BIA, including the theoretical 
assumptions that underlie the technique. For example, the assumption that the body 
has a uniform cylinder shape, that the body is homogeneous and that the conductive 
length is directly related to body height. Other limitations are due to differences in 
membrane conductivity among various cell types and the differences in the body’s 
hydration [12]. These differences can vary with individual characteristics such as age 
and sex. Therefore, BIA-equations incorporate information on height, age, sex and 
other parameters [10, 12]. Regarding the crude hazard ratios, equations in our study 
which incorporated age were more strongly associated with CVD compared with 
equations which did not incorporate age (Figure S3). It is evident that age is an 
important factor in the association between body fat and CVD. After adjustments for 
age, we found no difference between equations which did and those which did not 
incorporate age. Furthermore, the equations based on a female population were also 
the best-predicting equations in men. Taken together, our results show that the 
predictive value of BIA is independent of the formula and is generated with or 
without taking age and sex into account. 

The strengths of this study include the prospective community-based cohort, the 
large sample size, the long term follow-up and the extensive information on clinical 
characteristics. Furthermore, this study is the first longitudinal evaluation which has 
applied various bioelectrical impedance equations to CVD prediction. However, our 
study has some limitations. We did not perform external validation for the predictive 
value of the BIA-BF%-equations. Furthermore, the number of events recorded in 
women was limited. 

CONCLUSIONS 

The BF% for most of BIA-BF%-equations tested in men and at least one body fat 
estimate in women were independently associated with future cardiovascular events. 
The predictive value of BIA depends on the equation used to estimate body fat. The 
body fat estimates from the best-predicting BIA-BF%-equations were superior to BMI 
and waist circumference in how well they predicted future cardiovascular events in 
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both men and women. Accordingly, of the various obesity measures, BF% is a better 
candidate measure for improving cardiovascular risk assessment in women. 
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Table S1. Bioelectrical impedance analysis equations tested in this study 
Source Population Formula
For fat mass
1. BIA 101 AKERN NA Unpublished inbuilt equation (default)
2. Heitmann1 35-65 yr, 139 F & M 

(Danes)
-0.283 * Height2/R- 0.222 * Height + 0.804 * Weight –
0.283 * (Sex * Weight) + 18.71

For lean body mass
3. Heitmann2 35-65 yr, 139 F & M 

(Danes)
0.279 * Height2/R+ 0.181 * Weight + 0.231 Height + 
0.064 * (Sex * Weight) – 0.077 Age – 14.94; M = 1, F
= 2

4. Segal1 17-62 yr, 498 F 
(American)

0.0011 * Height2 – 0.02090 * R + 0.23199 * Weight –
0.0678 Age + 14.594

5. Segal2 17-62 yr, 1069 M 
(American)

0.0013 * Height2 – 0.04394 * R + 0.30520 * Weight –
0.16760 Age + 22.668

6. Segal3 17-62 yr, 1069 M 
(American)

0.00066360 * Height2 – 0.02117 * R + 0.62854 * 
Weight – 0.12380 * Age + 9.333

7. Segal4 17-62 yr, 1069 M 
(American)

0.00088580 * Height2 – 0.02999 * R + 0.42688 * 
Weight – 0.07002 Age + 14.524

8. Segal5 17-62 yr, 498 F 
(American)

0.00064602 Height2 – 0.01397 * R + 0.42087 * Weight 
+ 10.435

9. Segal6 17-62 yr, 498 F 
(American)

0.00091186 * Height2 – 0.01466 * R + 0.29990 * 
Weight – 0.07015 * Age + 9.379

10. Van_Loan_Mayclin 18-64 yr, 188 F&M 
(American)

0.000985 * Height2 – 0.0238 * R + 0.3736 * Weight –
0.1531 Age – 4.2921 * Sex + 14.595
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Table S1. (continued).
Source Population Formula
For fat free mass
11. Kyle 18-94 yr, 343 F&M 

(Swiss)
-4.104 + 0.518 * Height2/R+ 0.231 * Weight + 0.130 * 
Xc + 4.229 * Sex

12. Aglago1 18-64 yr, 256 F&M 
(Moroccan)

7.47 + 0.336 + 6.04 * sex + 0.306 * Weight – 0.063 
age; M = 1, F = 0

13. Deurenberg 16-83 yr,  661 F&M 
(Dutch)

0.34 * Height2/R + 0.1534 * Height + 0.273 * Weight –
0.127 * age + 4.56 * sex – 12.44; M = 1, F = 0

14. Boulier 12-71 yr, 202 F&M 
(French)

0.40 * Height2/R + 0.64 * Weight – 0.16 * Age – 2.71 * 
Sex + 6.37; M = 1, F = 2

15. Chumlea 12-80 yr  734 F&M 
(American)

M: 0.652 * Height2/R + 0.262 * Weight + 0.015 * R –
10.678; 
F: 0.696 * Height2/R + 0.168 * Weight + 0.016 * R –
9.529

16. Gray1 19-74 yr, 25 M 
(American)

0.00151 * Height2 – 0.0344 * R + 0.140 * Weight –
0.158 * Age + 20.387

17. Gray2 19-74 yr, 41 F, 53 M 
(American)

0.00139 * Height2 – 0.0801 * R + 0.187 * Weight + 
39.830

18. Jebb 16-78 yr, 205 F&M 
(American)

0.348613 * Height2/R + 0.168998 * Weight + 13.96674

19. Lukaski1 18-50 yr, 67 F (American) 0.821 * Height2/R + 4.917
20. Lukaski2 18-50 yr, 47 M 

(American)
0.827 * Height2/R + 5.21

21. Lukaski3 18-50 yr, 47 M 
(American)

0.756 * Height2/R + 0.110 * Weight + 0.107 * Xc –
5.463

22. Rising 22-38 yr, 56 F, 74 M 
(American)

0.34 * Height2/R + 0.33 * Weight – 0.14 * Age + 6.18 * 
Sex + 13.74; M = 1, F = 0

23. Stolarczyk 18-60 yr, 151 F 
(American)

0.001254 * Height2 – 0.04904 R + 0.1555 * Weight + 
0.1417 Xc – 0.0833 * Age + 20.05

24. Wattanapenpaiboon1 26-86 yr, 66 M 
(Australian)

0.4936 * Height2/R + 0.332 * Weight + 6.493

25. Wattanapenpaiboon2 26-86 yr, 130 F 
(Australian)

0.6483 * Height2/R + 0.1699 * Weight + 5.091

For total body water 
26. Sun 12-94 yr, 734 F&M 

(American)
M: 0.45 * Height2/R + 0.18 * Weight + 1.20; 
F: 0.45 * Height2/R + 0.11 * Weight + 3.75  

27. Aglago2 18-64 yr, 256 F&M 
(Moroccan)

5.68 + 0.267* Height2/R + 4.42 * sex + 0.225 * Weight 
– 0.052 age; M = 1, F = 0

28. Heitmann3 35-65 yr, 139 F&M 
(Danes)

0.240 * Height2/R + 0.172 * Weight + 0.040 (Sex * 
Weight) + 0.165 * Height  – 17.58

29. Kushner 0,02-67 yr, 116 F&M 
(American)

0.593 * Height2/R + 0.065 * Weight + 0.04

30. Kushner_Schoeller1 17-66 yr, 40 F&M 
(American)

0.556 * Height2/R + 0.0955 * Weight + 1.726

31. Kushner_Schoeller2 17-66 yr, 20 F (American) 0.382 * Height2/R + 0.105 * Weight + 8.315
32. Kushner_Schoeller3 17-66 yr, 20 M 

(American)
0.396 * Height2/R + 0.143 * Weight + 8.399

33. Lukaski_Bolunchuk1 20-73 yr, 28 F & 25 M 
(American)

0.372 * Height2/R + 0142 * Weight + 3.05 Sex – 0.069 
* Age + 4.98; M = 1, F = 0

34. Lukaski_Bolunchuk2 20-73 yr, 31 F & 26 M 
(American)

0.374 * Height2/R + 151 * Weight + 2.94 Sex – 0.083 * 
Age + 4.65; M = 1, F = 0

Selection (development) of above BIA equations from the validation studies was based on their prediction of the 
estimation by the BIA equations compared to measurements of reference methods such as densitometry 
(underwater weighting), dual-energy X-ray absorptiometry, isotope dilution methods and measurement of total 
body potassium. R, resistance; Xc, reactance; M, male; F, female. Height in cm, weight in kg. 
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Table S2A. Body fat estimates from different BIA-BF%-equations, according to sex 
and cardiovascular events in men 

BIA-BF%-equations 
Man

Total
Future cardiovascular event
Without With t-value

1. BIA 101 AKERN 26.9 ± 6.3 26.5 ± 6.2 30.1 ± 5.8 -10.82
2. Heitmann1 33.8 ± 5.1 33.6 ± 5.1 35.2 ± 4.6 -6.02
3. Heitmann2 29.9 ± 5.4 29.6 ± 5.4 32.1 ± 4.6 -9.72
4. Segal1 37.1 ± 5.0 36.8 ± 5.0 39.2 ± 4.2 -9.91
5. Segal2 25.2 ± 5.2 24.9 ± 5.2 27.4 ± 4.3 -10.01
6. Segal3 23.8 ± 3.0 23.5 ± 2.9 25.8 ± 2.3 -17.65
7. Segal4 30.9 ± 3.4 30.7 ± 3.4 32.6 ± 2.8 -12.38
8. Segal5 31.4 ± 3.2 31.3 ± 3.2 32.2 ± 2.9 -5.45
9. Segal6 39.3 ± 4.1 39.0 ± 4.1 41.2 ± 3.3 -11.32
10. Van_loan_mayclin 30.2 ± 4.8 29.8 ± 4.8 33.1 ± 3.6 -15.51
11. Kyle 27.6 ± 5.2 27.4 ± 5.2 29.2 ± 4.9 -6.53
12. Aglago1 31.6 ± 4.1 31.5 ± 4.1 33.0 ± 3.7 -7.45
13. Deurenberg 31.6 ± 5.1 31.2 ± 5.1 34.2 ± 4.1 -12.86
14. Boulier 11.3 ± 4.1 11.0 ± 4.1 13.8 ± 3.6 -13.98
15. Chumlea 27.6 ± 4.8 27.5 ± 4.9 28.8 ± 4.5 -5.37
16. Gray1 35.0 ± 6.8 34.5 ± 6.8 38.6 ± 5.3 -13.60
17. Gray2 28.8 ± 5.6 28.7 ± 5.7 30.1 ± 5.3 -4.89
18. Jebb 39.8 ± 4.6 39.7 ± 4.6 40.5 ± 4.4 -3.21
19. Lukaski1 31.3 ± 7.1 31.1 ± 7.2 32.7 ± 6.7 -4.25
20. Lukaski1 30.5 ± 7.2 30.3 ± 7.2 31.9 ± 6.8 -4.24
21. Lukaski3 29.8 ± 6.2 29.6 ± 6.2 31.6 ± 5.8 -6.30
22. Rising 33.6 ± 4.2 33.3 ± 4.2 35.9 ± 3.5 -12.77
23. Stolarczyk 37.2 ± 5.9 36.8 ± 5.9 40.3 ± 4.9 -12.35
24. Wattanapenpaiboon1 21.3 ± 4.7 21.2 ± 4.7 22.2 ± 4.4 -4.02
25. Wattanapenpaiboon2 27.3 ± 5.8 27.2 ± 5.8 28.5 ± 5.4 -4.19
26. Sun 26.2 ± 5.2 26.1 ± 5.2 27.2 ± 4.9 -4.34
27. Aglago2 29.3 ± 4.4 29.1 ± 4.4 30.8 ± 3.9 -7.81
28. Heitmann3 31.8 ± 4.8 31.7 ± 4.8 33.3 ± 4.3 -6.65
29. Kushner 28.8 ± 6.6 28.7 ± 6.6 30.2 ± 6.3 -4.41
30. Kushner_schoeller1 25.8 ± 6.4 25.6 ± 6.4 27.1 ± 6.1 -4.33
31. Kushner_schoeller2 32.0 ± 5.5 31.9 ± 5.5 33.0 ± 5.3 -3.74
32. Kushner_schoeller3 25.2 ± 5.7 25.1 ± 5.7 26.2 ± 5.4 -3.75
33. Lukaski_bolunchuk1 34.5 ± 5.1 34.2 ± 5.1 36.5 ± 4.5 -8.85
34. Lukaski_bolunchuk2 35.1 ± 5.1 34.8 ± 5.1 37.3 ± 4.5 -9.95

Note: Body fat estimates were expressed as percentage of total body weight (mean ± SD). BIA, bioelectrical 
impedance analysis, BF%, body fat percentages.  
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Table S2B. Body fat estimates from different BIA-BF%-equations, according to sex 
and cardiovascular events in women 

BIA-BF%-equations 
Women 

Total
Future cardiovascular event
Without With t-value

1. BIA 101 AKERN 36.3 ± 7.3 36.1 ± 7.3 40.2 ± 6.5 -7.41
2. Heitmann1 8.3 ± 6.3 8.2 ± 6.3 10.7 ± 6.0 -4.92
3. Heitmann2 41.6 ± 6.4 41.5 ± 6.4 44.9 ± 5.8 -7.02
4. Segal1 42.2 ± 5.6 42.0 ± 5.6 45.1 ± 5.1 -7.19
5. Segal2 34.4 ± 5.7 34.2 ± 5.7 37.2 ± 5.1 -6.98
6. Segal3 31.3 ± 3.3 31.1 ± 3.2 33.7 ± 2.9 -10.32
7. Segal4 38.5 ± 3.8 38.4 ± 3.8 40.6 ± 3.3 -8.11
8. Segal5 35.7 ± 3.6 35.6 ± 3.6 37.0 ± 3.5 -4.61
9. Segal6 43.9 ± 4.6 43.8 ± 4.6 46.6 ± 4.2 -7.98
10. Van_loan_mayclin 41.9 ± 4.9 41.7 ± 4.8 45.5 ± 4.1 -10.74
11. Kyle 36.6 ± 5.6 36.5 ± 5.7 38.7 ± 5.1 -5.00
12. Aglago1 41.7 ± 3.9 41.6 ± 3.9 43.5 ± 3.4 -6.72
13. Deurenberg 41.6 ± 5.4 41.4 ± 5.4 45.2 ± 4.6 -9.62
14. Boulier 20.3 ± 4.2 20.2 ± 4.2 23.3 ± 3.9 -9.58
15. Chumlea 37.8 ± 6.0 37.7 ± 6.0 39.8 ± 5.6 -4.45
16. Gray1 39.5 ± 7.9 39.3 ± 7.9 44.6 ± 6.8 -9.18
17. Gray2 39.2 ± 6.9 39.1 ± 6.9 40.6 ± 6.5 -2.71
18. Jebb 40.9 ± 5.7 40.8 ± 5.7 42.2 ± 5.4 -3.01
19. Lukaski1 39.7 ± 7.8 39.7 ± 7.8 41.8 ± 7.2 -3.61
20. Lukaski1 38.9 ± 7.9 38.8 ± 7.9 41.1 ± 7.3 -3.61
21. Lukaski3 37.3 ± 6.9 37.2 ± 6.9 39.7 ± 6.2 -4.74
22. Rising 27.2 ± 6.2 27.1 ± 6.2 30.5 ± 5.2 -7.71
23. Stolarczyk 41.8 ± 6.8 41.6 ± 6.8 45.7 ± 6.1 -7.93
24. Wattanapenpaiboon1 25.6 ± 5.3 25.6 ± 5.3 27.0 ± 4.9 -3.48
25. Wattanapenpaiboon2 33.7 ± 6.4 33.7 ± 6.4 35.4 ± 5.9 -3.58
26. Sun 37.7 ± 6.1 37.6 ± 6.1 39.3 ± 5.6 -3.58
27. Aglago2 39.7 ± 4.2 39.6 ± 4.2 41.7 ± 3.6 -6.92
28. Heitmann3 30.7 ± 5.7 30.6 ± 5.7 33.1 ± 5.4 -5.36
29. Kushner 38.2 ± 7.0 38.1 ± 7.0 40.1 ± 6.4 -3.69
30. Kushner_schoeller1 34.1 ± 6.9 34.0 ± 6.9 36.0 ± 6.3 -3.66
31. Kushner_schoeller2 35.7 ± 6.5 35.6 ± 6.5 37.3 ± 6.1 -3.31
32. Kushner_schoeller3 29.0 ± 6.7 29.0 ± 6.7 30.7 ± 6.3 -3.32
33. Lukaski_bolunchuk1 44.8 ± 5.3 44.6 ± 5.3 47.4 ± 4.5 -7.22
34. Lukaski_bolunchuk2 45.4 ± 5.2 45.3 ± 5.2 48.3 ± 4.4 -7.94

Note: Body fat estimates were expressed as percentage of total body weight (mean ± SD). BIA, bioelectrical 
impedance analysis, BF%, body fat percentages.  



6

145

Obesity and cardiovascular disease

145 

Table S3. Age-adjusted Pearson partial correlation coefficients of body fat estimates 
with other obesity measures 

BIA-BF%-equations 
Men Women
BMI WC CE BMI WC CE

1. BIA 101 AKERN 0.630 0.669 0.224 0.821 0.769 0.220
2. Heitmann1 0.906 0.852 0.376 0.923 0.823 0.258
3. Heitmann2 0.911 0.855 0.383 0.926 0.824 0.264
4. Segal1 0.952 0.870 0.413 0.921 0.815 0.241
5. Segal2 0.861 0.806 0.322 0.738 0.654 0.054
6. Segal3 0.663 0.571 0.133 0.381 0.289 -0.209
7. Segal4 0.822 0.761 0.279 0.655 0.569 -0.019
8. Segal5 0.950 0.888 0.435 0.928 0.837 0.277
9. Segal6 0.956 0.858 0.405 0.926 0.809 0.236
10. Van_loan_mayclin 0.918 0.837 0.369 0.767 0.650 0.055
11. Kyle 0.786 0.811 0.314 0.844 0.776 0.204
12. Aglago1 0.769 0.808 0.348 0.784 0.740 0.181
13. Deurenberg 0.826 0.792 0.311 0.813 0.708 0.112
14. Boulier 0.385 0.423 0.027 0.302 0.260 -0.210
15. Chumlea 0.656 0.662 0.194 0.831 0.756 0.173
16. Gray1 0.920 0.831 0.363 0.856 0.744 0.147
17. Gray2 0.631 0.652 0.191 0.359 0.342 -0.154
18. Jebb 0.796 0.833 0.378 0.861 0.822 0.309
19. Lukaski1 0.630 0.670 0.210 0.745 0.701 0.129
20. Lukaski1 0.632 0.673 0.213 0.748 0.704 0.132
21. Lukaski3 0.659 0.691 0.202 0.785 0.723 0.129
22. Rising 0.717 0.756 0.295 0.853 0.813 0.300
23. Stolarczyk 0.891 0.843 0.343 0.812 0.720 0.108
24. Wattanapenpaiboon1 0.687 0.728 0.262 0.793 0.750 0.188
25. Wattanapenpaiboon2 0.646 0.687 0.225 0.760 0.716 0.146
26. Sun 0.596 0.637 0.182 0.763 0.719 0.149
27. Aglago2 0.760 0.798 0.337 0.776 0.732 0.171
28. Heitmann3 0.862 0.803 0.319 0.891 0.781 0.190
29. Kushner 0.567 0.608 0.158 0.686 0.641 0.066
30. Kushner_schoeller1 0.601 0.642 0.186 0.719 0.674 0.100
31. Kushner_schoeller2 0.737 0.776 0.311 0.828 0.786 0.240
32. Kushner_schoeller3 0.734 0.774 0.308 0.826 0.785 0.237
33. Lukaski_bolunchuk1 0.676 0.716 0.254 0.720 0.675 0.106
34. Lukaski_bolunchuk2 0.650 0.690 0.230 0.688 0.642 0.074

Note: Data are presented as age-adjusted Pearson partial correlation coefficients. BMI, body mass index; WC, 
waist circumference; CE, creatinine excretion. All P value <0.001.  
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Table S4A. Age-adjusted partial correlation coefficients of obesity measures with 
CVD risk factors in men 

Obesity measures 
Men
HDL-C TG CRP SBP FRS

Body mass index -0.302 0.249 0.062 0.307 0.140
Waist circumference -0.310 0.253 0.106 0.314 0.150
Body fat%
1. BIA 101 AKERN -0.235 0.182 0.110 0.216 0.120
2. Heitmann1 -0.314 0.255 0.089 0.292 0.168
3. Heitmann2 -0.315 0.257 0.088 0.294 0.170
4. Segal1 -0.323 0.263 0.081 0.307 0.171
5. Segal2 -0.301 0.256 0.097 0.284 0.180
6. Segal3 -0.229 0.229 0.090 0.222 0.194
7. Segal4 -0.287 0.252 0.098 0.272 0.185
8. Segal5 -0.325 0.257 0.082 0.307 0.160
9. Segal6 -0.322 0.265 0.078 0.308 0.174
10. Van_loan_mayclin -0.314 0.265 0.086 0.298 0.183
11. Kyle -0.278 0.213 0.110 0.265 0.148
12. Aglago1 -0.284 0.220 0.101 0.252 0.145
13. Deurenberg -0.292 0.246 0.096 0.269 0.175
14. Boulier -0.157 0.156 0.099 0.134 0.147
15. Chumlea -0.242 0.210 0.104 0.217 0.159
16. Gray1 -0.313 0.265 0.086 0.299 0.183
17. Gray2 -0.238 0.208 0.111 0.217 0.158
18. Jebb -0.292 0.221 0.098 0.260 0.138
19. Lukaski1 -0.239 0.200 0.107 0.210 0.148
20. Lukaski1 -0.240 0.200 0.107 0.211 0.148
21. Lukaski3 -0.241 0.199 0.113 0.224 0.153
22. Rising -0.268 0.216 0.103 0.237 0.154
23. Stolarczyk -0.301 0.243 0.102 0.301 0.171
24. Wattanapenpaiboon1 -0.258 0.209 0.106 0.228 0.147
25. Wattanapenpaiboon2 -0.245 0.202 0.107 0.215 0.148
26. Sun -0.228 0.194 0.107 0.200 0.147
27. Aglago2 -0.281 0.219 0.101 0.250 0.147
28. Heitmann3 -0.300 0.252 0.093 0.280 0.175
29. Kushner -0.218 0.188 0.107 0.191 0.147
30. Kushner_schoeller1 -0.230 0.195 0.107 0.201 0.148
31. Kushner_schoeller2 -0.274 0.215 0.104 0.243 0.145
32. Kushner_schoeller3 -0.273 0.215 0.104 0.242 0.145
33. Lukaski_bolunchuk1 -0.255 0.209 0.106 0.224 0.152
34. Lukaski_bolunchuk2 -0.246 0.205 0.106 0.216 0.153

Note: Data are presented as age-adjusted Pearson partial correlation coefficients. HDL-C, high density lipoprotein 
cholesterol; TG, triglycerides; CRP, C-reactive protein; SBP, systolic blood pressure; FRS, Framingham CVD risk 
score. All P value <0.001.  
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Table S4B. Age-adjusted partial correlation coefficients of obesity measures with 
CVD risk factors in women 

Obesity measures 
Men
HDL-C TG CRP SBP FRS

Body mass index -0.296 0.237 0.216 0.237 0.098
Waist circumference -0.326 0.276 0.210 0.241 0.153
Body fat%
1. BIA 101 AKERN -0.272 0.222 0.200 0.201 0.081
2. Heitmann1 -0.300 0.248 0.215 0.229 0.105
3. Heitmann2 -0.300 0.245 0.217 0.232 0.108
4. Segal1 -0.299 0.246 0.218 0.232 0.111
5. Segal2 -0.251 0.214 0.202 0.186 0.109
6. Segal3 -0.144 0.136 0.142 0.108 0.095
7. Segal4 -0.227 0.198 0.190 0.168 0.108
8. Segal5 -0.300 0.244 0.216 0.230 0.106
9. Segal6 -0.301 0.248 0.218 0.235 0.113
10. Van_loan_mayclin -0.258 0.220 0.205 0.201 0.116
11. Kyle -0.256 0.208 0.203 0.205 0.092
12. Aglago1 -0.258 0.214 0.205 0.191 0.097
13. Deurenberg -0.271 0.230 0.212 0.208 0.113
14. Boulier -0.117 0.116 0.133 0.080 0.080
15. Chumlea -0.275 0.231 0.212 0.204 0.104
16. Gray1 -0.283 0.237 0.215 0.218 0.115
17. Gray2 -0.138 0.127 0.138 0.086 0.079
18. Jebb -0.276 0.222 0.203 0.206 0.089
19. Lukaski1 -0.250 0.211 0.201 0.179 0.097
20. Lukaski1 -0.251 0.211 0.201 0.180 0.097
21. Lukaski3 -0.249 0.208 0.204 0.191 0.096
22. Rising -0.272 0.219 0.203 0.206 0.090
23. Stolarczyk -0.251 0.207 0.205 0.204 0.103
24. Wattanapenpaiboon1 -0.262 0.217 0.204 0.190 0.096
25. Wattanapenpaiboon2 -0.254 0.213 0.202 0.183 0.097
26. Sun -0.254 0.213 0.202 0.184 0.097
27. Aglago2 -0.256 0.212 0.204 0.189 0.097
28. Heitmann3 -0.294 0.246 0.217 0.224 0.111
29. Kushner -0.234 0.201 0.194 0.165 0.096
30. Kushner_schoeller1 -0.243 0.206 0.198 0.173 0.097
31. Kushner_schoeller2 -0.270 0.221 0.205 0.198 0.094
32. Kushner_schoeller3 -0.269 0.221 0.205 0.198 0.094
33. Lukaski_bolunchuk1 -0.241 0.204 0.199 0.176 0.097
34. Lukaski_bolunchuk2 -0.232 0.198 0.195 0.169 0.097

Note: Data are presented as age-adjusted Pearson partial correlation coefficients. HDL-C, high density lipoprotein 
cholesterol; TG, triglycerides; CRP, C-reactive protein; SBP, systolic blood pressure; FRS, Framingham CVD risk 
score. All P value <0.001.  
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Table S5A. Differences between body fat estimates and other obesity measures in 
men 

Obesity measures 
Comparison with BMI Comparison with WC
DHR

(BF%. BMI)
z value P value DHR

(BF%. WC)
z value P value

Body mass index - - - - - -
Waist circumference - - - - - -
Body fat%
1. BIA 101 AKERN 0.46 5.185 <0.001 0.31 3.517 <0.001
2. Heitmann1 0.54 3.416 0.001 0.39 2.460 0.014
3. Heitmann2 0.44 4.368 <0.001 0.29 2.887 0.004
4. Segal1 0.27 3.179 0.001 0.12 1.402 0.161
5. Segal2 0.37 3.973 <0.001 0.22 2.351 0.019
6. Segal3 1.09 9.938 <0.001 0.94 8.585 <0.001
7. Segal4 0.61 6.060 <0.001 0.46 4.589 <0.001
8. Segal5 0.05 0.567 0.571 -0.10 -1.195 0.232
9. Segal6 0.36 4.155 <0.001 0.21 2.429 0.015
10. Van_loan_mayclin 0.88 8.069 <0.001 0.73 6.710 <0.001
11. Kyle 0.16 1.816 0.069 0.01 0.145 0.885
12. Aglago1 0.31 3.060 0.002 0.16 1.575 0.115
13. Deurenberg 0.62 6.212 <0.001 0.47 4.708 <0.001
14. Boulier 0.76 7.704 <0.001 0.61 6.205 <0.001
15. Chumlea 0.14 1.419 0.156 -0.01 -0.100 0.921
16. Gray1 0.45 5.225 <0.001 0.30 3.480 0.001
17. Gray2 0.07 0.805 0.421 -0.08 -0.831 0.406
18. Jebb -0.10 -1.195 0.232 -0.25 -3.070 0.002
19. Lukaski1 -0.02 -0.229 0.819 -0.17 -2.031 0.042
20. Lukaski1 -0.02 -0.243 0.808 -0.17 -2.046 0.041
21. Lukaski3 0.11 1.292 0.196 -0.04 -0.489 0.625
22. Rising 0.67 6.562 <0.001 0.51 5.093 <0.001
23. Stolarczyk 0.39 4.644 <0.001 0.24 2.855 0.004
24. Wattanapenpaiboon1 -0.04 -0.489 0.625 -0.19 -2.324 0.020
25. Wattanapenpaiboon2 -0.03 -0.307 0.759 -0.18 -2.120 0.034
26. Sun 0.07 0.697 0.486 -0.08 -0.820 0.412
27. Aglago2 0.33 3.285 0.001 0.18 1.792 0.073
28. Heitmann3 0.08 0.937 0.349 -0.08 -0.938 0.348
29. Kushner 0.00 0.032 0.974 -0.15 -1.727 0.084
30. Kushner_schoeller1 -0.01 -0.104 0.917 -0.16 -1.886 0.059
31. Kushner_schoeller2 -0.06 -0.791 0.429 -0.22 -2.654 0.008
32. Kushner_schoeller3 -0.06 -0.775 0.439 -0.21 -2.637 0.008
33. Lukaski_bolunchuk1 0.36 3.744 <0.001 0.21 2.175 0.030
34. Lukaski_bolunchuk2 0.44 4.582 <0.001 0.29 3.035 0.002

Note: Data are presented as difference between hazard ratios with z-value. Z-statistic test (z-value) was 
calculated and each BIA-BF%-equation was compared with the BMI and WC respectively. The z-value calculation 
was applied as z=(b[O1] − b[O2])/SE, and where b[O1] and b[O2] are regression coefficients of the obesity 
measures, while SE is the standard error of the difference in the coefficients. This was computed as the square 
root of the sum of the squares of the standard errors for two coefficients. HR, hazard ratio; D, difference; BMI, 
body mass index; WC, waist circumference.
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Table S5B. Differences between body fat estimates and other obesity measures in 
women 

Obesity measures 
Comparison with BMI Comparison with WC
DHR

(BF%. BMI)
z value P value DHR

(BF%. WC)
z value P value

Body mass index - - - - - -
Waist circumference - - - - - -
Body fat%
1. BIA 101 AKERN 0.095 3.026 0.002 0.22 1.847 0.065
2. Heitmann1 0.181 3.056 0.002 0.47 2.384 0.017
3. Heitmann2 0.112 3.372 0.001 0.31 2.310 0.021
4. Segal1 0.089 2.774 0.006 0.18 1.555 0.120
5. Segal2 0.111 3.236 0.001 0.29 2.176 0.030
6. Segal3 0.118 6.346 <0.001 0.72 5.179 <0.001
7. Segal4 0.124 4.392 <0.001 0.49 3.373 0.001
8. Segal5 0.092 1.132 0.258 0.01 0.062 0.951
9. Segal6 0.093 3.427 0.001 0.26 2.193 0.028
10. Van_loan_mayclin 0.146 6.599 0.000 0.92 5.635 <0.001
11. Kyle 0.105 1.581 0.114 0.07 0.579 0.562
12. Aglago1 0.144 3.554 <0.001 0.44 2.700 0.007
13. Deurenberg 0.123 5.276 <0.001 0.60 4.207 <0.001
14. Boulier 0.123 5.862 <0.001 0.68 4.762 <0.001
15. Chumlea 0.105 1.210 0.226 0.03 0.228 0.820
16. Gray1 0.089 3.882 <0.001 0.30 2.571 0.010
17. Gray2 0.098 -0.333 0.739 -0.15 -1.258 0.208
18. Jebb 0.076 -0.761 0.447 -0.19 -1.784 0.074
19. Lukaski1 0.093 0.202 0.840 -0.09 -0.788 0.431
20. Lukaski1 0.093 0.188 0.851 -0.10 -0.803 0.422
21. Lukaski3 0.093 1.005 0.315 -0.01 -0.048 0.962
22. Rising 0.090 2.764 0.006 0.18 1.552 0.121
23. Stolarczyk 0.088 3.135 0.002 0.21 1.873 0.061
24. Wattanapenpaiboon1 0.087 -0.175 0.861 -0.13 -1.181 0.238
25. Wattanapenpaiboon2 0.091 0.118 0.906 -0.10 -0.879 0.380
26. Sun 0.112 0.652 0.515 -0.03 -0.252 0.801
27. Aglago2 0.142 3.644 <0.001 0.44 2.772 0.006
28. Heitmann3 0.078 1.086 0.277 -0.01 -0.095 0.924
29. Kushner 0.101 0.476 0.634 -0.06 -0.480 0.631
30. Kushner_schoeller1 0.097 0.335 0.738 -0.08 -0.640 0.522
31. Kushner_schoeller2 0.081 -0.388 0.698 -0.15 -1.413 0.158
32. Kushner_schoeller3 0.081 -0.372 0.710 -0.15 -1.396 0.163
33. Lukaski_bolunchuk1 0.125 3.538 <0.001 0.37 2.565 0.010
34. Lukaski_bolunchuk2 0.128 4.113 <0.001 0.46 3.134 0.002

Note: Data are presented as difference between hazard ratios with z-value. Z-statistic test (z-value) was 
calculated and each BIA-BF%-equation was compared with the BMI and WC respectively. The z-value calculation 
was applied as z=(b[O1] − b[O2])/SE, and where b[O1] and b[O2] are regression coefficients of the obesity 
measures, while SE is the standard error of the difference in the coefficients. This was computed as the square 
root of the sum of the squares of the standard errors for two coefficients. HR, hazard ratio; D, difference; BMI, 
body mass index; WC, waist circumference.
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Table S6. Model cardiovascular event prediction C-index for various BIA-BF%-
equations  

Men C-index  (95%CI) P value C-Index changes 
(95%CI)

P value

Base model 0.700 (0.678; 0.723) <0.0001 - -
Extended models 
Base + BIA 101 AKERN 0.722 (0.700; 0.745) <0.0001 0.022 (0.009; 0.034) 0.0009
Base + Heitmann1 0.705 (0.682; 0.727) <0.0001 0.005 (-0.002; 0.011) 0.014
Base + Heitmann2 0.713 (0.691; 0.735) <0.0001 0.013 (0.002; 0.024) 0.026
Base + Segal1 0.713 (0.691; 0.736) <0.0001 0.013 (0.003; 0.024) 0.013
Base + Segal2 0.713 (0.691; 0.736) <0.0001 0.013 (0.003; 0.024) 0.023
Base + Segal3 0.743 (0.722; 0.765) <0.0001 0.043 (0.026; 0.061) <0.0001
Base + Segal4 0.720 (0.698; 0.743) <0.0001 0.021 (0.007; 0.033) 0.002
Base + Segal5 0.704 (0.682; 0.727) <0.0001 0.004 (-0.002; 0.010) 0.192
Base + Segal6 0.717 (0.695; 0.740) <0.0001 0.017 (0.006; 0.029) 0.003
Base + Van_loan_mayclin 0.731 (0.709; 0.753) <0.0001 0.031 (0.015; 0.047) <0.0001
Base + Kyle 0.707 (0.684; 0.729) <0.0001 0.007 (-0.002; 0.016) 0.134
Base + Aglago1 0.707 (0.684; 0.730) <0.0001 0.007 (-0.001; 0.015) 0.087
Base + Deurenberg 0.722 (0.700; 0.745) <0.0001 0.022 (0.010; 0.034) 0.0002
Base + Chumlea 0.703 (0.681; 0.726) <0.0001 0.003 (-0.002; 0.008) 0.215
Base + Gray1 0.724 (0.702; 0.746) <0.0001 0.024 (0.011; 0.037) 0.0002
Base + Gray2 0.703 (0.680; 0.725) <0.0001 0.003 (-0.002; 0.008) 0.324
Base + Jebb 0.701 (0.680; 0.723) <0.0001 0.001 (-0.003; 0.005) 0.586
Base + Lukaski1 0.702 (0.679; 0.724) <0.0001 0.002 (-0.003; 0.006) 0.470
Base + Lukaski2 0.702 (0.680; 0.724) <0.0001 0.002 (-0.003; 0.006) 0.492
Base + Lukaski3 0.706 (0.683; 0.728) <0.0001 0.006 (-0.003; 0.014) 0.200
Base + Rising 0.723 (0.700; 0.745) <0.0001 0.023  (0.007; 0.039) 0.004
Base + Stolarczyk 0.723 (0.700; 0.745) <0.0001 0.023 (0.008; 0.034) 0.002
Base + Wattanapenpaiboon1 0.701 (0.680; 0.724) <0.0001 0.001 (-0.004; 0.006) 0.561
Base + Wattanapenpaiboon2 0.702 (0.679; 0.724) <0.0001 0.002 (-0.004; 0.007) 0.542
Base + Sun 0.702 (0.679; 0.724) <0.0001 0.002 (-0.002; 0.006) 0.402
Base + Aglago2 0.708 (0.685; 0.730) <0.0001 0.008 (-0.002; 0.018) 0.136
Base + Heitmann3 0.706 (0.683; 0.728) <0.0001 0.005 (-0.002; 0.014) 0.141
Base + Kushner 0.702 (0.679; 0.725) <0.0001 0.002 (-0.003; 0.007) 0.420
Base + Kushner_schoeller1 0.702 (0.679; 0.724) <0.0001 0.002 (-0.002; 0.006) 0.399
Base + Kushner_schoeller2 0.701(0.679; 0.724) <0.0001 0.001 (-0.003; 0.005) 0.526
Base + Kushner_schoeller3 0.701 (0.679; 0.724) <0.0001 0.001(-0.002; 0.005) 0.508
Base + Lukaski_bolunchuk1 0.710 (0.687; 0.732) <0.0001 0.010 (-0.001; 0.022) 0.085
Base + Lukaski_bolunchuk2 0.713 (0.691; 0.736) <0.0001 0.013 (0.016; 0.025) 0.026
Women 
Base model 0.751 (0.718; 0.784) <0.0001 - -
Extended models - - -
Base + Van_loan_mayclin 0.774 (0.742; 0.806) <0.0001 0.023 (0.006; 0.041) 0.010

Note: Data are presented as C-indexes with 95%CIs and changes between base and extended model with 
95%CI. Data are presented if the equations remained significant after adjustments for age, Framingham CVD risk 
score and creatinine excretion - a marker of muscle mass in the regression analysis. 
Base model: Framingham CVD risk score including age, total and HDL cholesterol level, current smoking status, 
systolic blood pressure, anti-hypertensive medication use and diabetes.  
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Table S7. Risk reclassification improvement for cardiovascular event by obesity 
measures 

Men NRI (95%CI) P value IDI (95%CI) P value
Base + BMI 0.149 (0.072; 0.202) 0.007 0.003 (0.001; 0.009) 0.013
Base + WC 0.183 (0.094; 0.252) <0.0001 0.009 (0.003; 0.018) 0.0001
Base + BIA 101 AKERN 0.149 (0.068; 0.210) 0.0001 0.003 (0.000; 0.009) 0.0001
Base + Heitmann1 0.175 (0.106; 0.244) <0.0001 0.005 (0.001; 0.013) <0.0001
Base + Heitmann2 0.235 (0.172; 0.305) <0.0001 0.013 (0.006; 0.024) <0.0001
Base + Segal1 0.225(0.157; 0.278) <0.0001 0.013 (0.005; 0.022) <0.0001
Base + Segal2 0.216 (0.153; 0.283) <0.0001 0.014 (0.007; 0.024) <0.0001
Base + Segal3 0.322 (0.249; 0.379) <0.0001 0.043 (0.029; 0.060) <0.0001
Base + Segal4 0.288 (0.208; 0.341) <0.0001 0.021 (0.011; 0.035) <0.0001
Base + Segal5 0.173 (0.098; 0.238) 0.007 0.004 (0.001; 0.011) 0.0001
Base + Segal6 0.236 (0.164; 0.312) <0.0001 0.016 (0.007; 0.027) <0.0001
Base + Van_loan_mayclin 0.298 (0.228; 0.360) <0.0001 0.031 (0.019; 0.045) <0.0001
Base + Kyle 0.186 (0.106; 0.250) <0.0001 0.007 (0.002; 0.016) <0.0001
Base + Aglago1 0.193 (0.120; 0.268) 0.007 0.009 (0.003; 0.019) 0.007
Base + Deurenberg 0.309 (0.237; 0.369) <0.0001 0.024 (0.013; 0.038) <0.0001
Base + Chumlea 0.166 (0.104; 0.239) 0.007 0.005 (0.001; 0.014) 0.007
Base + Gray1 0.293 (0.220; 0.353) <0.0001 0.024 (0.014; 0.035) <0.0001
Base + Gray2 0.149 (0.073; 0.221) 0.007 0.005 (0.001; 0.012) 0.007
Base + Jebb 0.128 (-0.152; 0.202) 0.166 0.002 (0.000; 0.008) 0.093
Base + Lukaski1 0.158 (0.002; 0.225) 0.047 0.004 (0.000; 0.011) 0.020
Base + Lukaski2 0.160 (-0.012; 0.224) 0.066 0.004 (0.000; 0.010) 0.033
Base + Lukaski3 0.179 (0.103; 0.245) 0.007 0.007 (0.002; 0.017) 0.007
Base + Rising 0.298 (0.218; 0.361) <0.0001 0.025 (0.013; 0.041) <0.0001
Base + Stolarczyk 0.260 (0.182; 0.330) <0.0001 0.021 (0.011; 0.034) <0.0001
Base + Wattanapenpaiboon1 0.135 (0.01; 0.209) 0.040 0.003 (0.00; 0.011) 0.033
Base + Wattanapenpaiboon2 0.146 (0.043; 0.212) 0.013 0.004 (0.000; 0.010) 0.013
Base + Sun 0.160 (0.059; 0.230) 0.033 0.004 0.000; 0.011) 0.033
Base + Aglago2 0.203 (0.126; 0.269) <0.0001 0.010 (0.004; 0.021) <0.0001
Base + Heitmann3 0.177 (0.107; 0.234) <0.0001 0.007 (0.002; 0.013) <0.0001
Base + Kushner 0.157 (-0.005; 0.225) 0.053 0.004 (0.000; 0.011) 0.040
Base + Kushner_schoeller1 0.160 (-0.05; 0.225) 0.073 0.004 (0.00; 0.011) 0.053
Base + Kushner_schoeller2 0.136 (-0.043; 0.193) 0.060 0.003 (0.000; 0.009) 0.033
Base + Kushner_schoeller3 0.133(-0.08; 0.204) 0.080 0.003 (0.00; 0.008) 0.047
Base + Lukaski_bolunchuk1 0.197 (0.128; 0.258) <0.0001 0.013 (0.005; 0.024) <0.0001
Base + Lukaski_bolunchuk2 0.222 (0.156; 0.290) <0.0001 0.016 (0.008; 0.028) <0.0001
Women 

Base + BMI
0.122(-0.006; 0.215) 0.066 0.001 (0.000; 0.008) 0.199

Base + WC
0.053 (-0.057; 0.157) 0.246 0.001 (0.000; 0.006) 0.279

Base + Van_loan_mayclin
0.248 (0.157; 0.343) 0.0001 0.002 (0.002; 0.023) 0.0001

Note: Data are presented as category-free NRI with 95%CI and IDI with 95%CI showing improvement in risk 
prediction between the base model and extended models. Abbreviation: BMI=body mass index, WC=waist 
circumference. Data are presented if the measures remained significant after adjustments for age, Framingham 
CVD risk score and creatinine excretion - a marker of muscle mass in the regression analysis. 
Base model: Framingham risk score including age, HDL cholesterol, smoking status, systolic blood pressure and 
treatment of hypertension and diabetes. 
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Figure S1. Flow chart of study population. 

Figure S2. Associations between obesity measures and cardiovascular event by age 
categories.  
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Figure S3. Comparison between equations with and without age-incorporation (A) 
Men. (B) Women. 
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1. Introduction 
 
Description of the instrument 
 
In the Lifelines cohort, physical activity was assessed using the “Short questionnaire to assess health 
enhancing physical activity” (SQUASH), a questionnaire estimating habitual physical activity level [1]. The 
data processing procedure, each activity included in the questionnaire is assigned a Metabolic 
Equivalent Task (MET) value (e.g. walking for commute is assigned a MET value of 3.5). These values are 
extracted from the compendium of physical activities developed by Ainsworth et al. [2]. The Ainsworth’s 
compendium is used to assign MET values for each of the activities included in the SQUASH 
questionnaire. The 1993 version of the compendium includes MET values provided by Wendel-Vos et al. 
in their manual.[3]  However, the versions of Ainsworth’s compendium of physical activity (PA) released 
in 2000, and subsequently in 2011, that were updated based on experts’ assessments. These revisions 
resulted in modifications of MET values used for data processing.  

In further steps of data processing, MET category is needed. The categories of MET values are 
age-dependent in accordance with the Dutch guidelines on PA [4]. A clear rationale as well as validation 
of the use of different categories of intensity (cut-off points) for the same activity conducted by 
individuals belonging to different age groups (age correction) appeared to be lacking. The results 
obtained for different age groups have not been examined in previous validation studies. Thus, it is 
unclear whether or not the use of age-dependent cut-off points for MET values is necessary and 
justifiable [1, 5, 6]. The use of age-dependent categories for MET values, described in the manual of 
SQUASH, is known as ‘age correction’. 

A previous study conducted by Nicolaou et al., [5] found that light PA underestimated in the 
SQUASH showing that the mean values of light PA ± SD obtained using Actiheart and SQUASH were, 
respectively, 3,003 ± 1,373 min/week and 1,936 ± 966 min/week for men and 3,712 ± 1,328 min/week 
and 1,926 ± 856 min/week for women. The Spearman correlation coefficient for light PA obtained with 
SQUASH versus Actiheart was -0.11 (non-significant) for women and +0.20 (non-significant) for men. 
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INTRODUCTION 

The Dutch National Institute for Public Health and Environment has developed the 
Short Questionnaire to Assess Health-Enhancing Physical Activity (SQUASH) [1], 
aimed at measuring habitual physical activities associated with commuting 
(transportation), leisure, household and occupational (at work) activities. One of the 
main strengths of the questionnaire is its conciseness, making it especially 
appropriate for use in population surveys. Respondents are asked to indicate how 
frequently they perform the activities in question (measured in the number of days 
per week), how much time they spend daily, on average, on these activities, and 
how intensively they perform them (Supplementary material 1).  

The period of reference in the SQUASH questionnaire is a normal week in recent 
months, and the main outcomes are minutes per week and activity scores, thus 
enabling individuals to be ranked according to increasing levels of physical activity 
(PA). However, recent clinical guidelines recommend the use of minutes of moderate 
to vigorous levels of PA (MVPA) as a measure of habitual PA rather than the total 
amount of PA (which also includes light PA) [2-4]. The SQUASH questionnaire allows 
for the categorization of minutes of PA according to levels of intensity, namely light, 
moderate, and vigorous. In 2004, Wendel-Vos et al. released a manual for a 
standardized methodology [5]. The data processing (calculation of SQUASH 
outcomes) outlined in this manual entails three consecutive steps: (1) calculation, (2) 
conversion, and (3) categorization (Figure 1). 

Figure 1. Steps entailed in the SQUASH data processing method (calculated in 
minutes/week) 

In step 2 of the data processing procedure, each activity included in the 
questionnaire is assigned an intensity factor based on the levels of effort reported in 
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the questionnaire and intensity categories of PA. The intensity factors are used in the 
next step which is the categorization of physical activity minutes into intensity 
categories (Step 3). Before this categorization, activities are categorized by intensity 
level of PA based on Metabolic Equivalent Task (MET) values (Table 1). 

Table 1. Intensity factors for individual activities included in the SQUASH 
questionnaire  
Physical activity Reported  

level of effort 
Intensity category based on MET values 
Light Moderate Vigorous 

Commuting and  
Leisure time activities 

Slow 1 4 7 
Moderate 2 5 8 
Fast 3 6 9 

Household- and  
work-related activities 

Light 2 5 - 
Intense 2 5 - 

These MET values are extracted from the compendium of physical activities 
developed by Ainsworth et al. (e.g. walking for commute is assigned a MET value of 
3.5) [6]. The categories (intensity categories) of MET values are age-dependent 
according to the Dutch guidelines on PA [4] (Table 2).  

Table 2. Categories of intensity of physical activity based on MET values, according 
to Dutch physical activity guidelines 
Age (in years) Light Moderate Vigorous 
18–55 < 4 MET 4 – 6.5 MET > 6.5 MET 
>55 < 3 MET 3 – 5 MET > 5 MET 

As mentioned above, the use of age-dependent categories for MET values, 
described in this chapter, is known as ‘age correction’. Accordingly, intensity 
categories of activities are differentiated for younger and older adults and are 
associated with different intensity factors. For example, the intensity factors for 
walking, which has a MET value of 3.5, performed by adults aged 18–55 years range 
between 1 and 3, whereas the intensity factors for the same activity performed by 
adults aged >55 years range between 4 and 6. In other words, the activity of 
walking is mostly considered a ‘light’ activity for individuals aged between 18 and 55 
years and a ‘moderate’ activity for individuals aged 55 years and above (Table 3).  

RATIONALE FOR REVISING DATA PROCESSING 

Some of the summary statistics relating to the data compiled in the Lifelines cohort 
study do not seem to be plausible or logical. Therefore, we reconsidered the data 
processing, focusing on the following aspects: the value of light PA, the different 



7

SQUASH questionnaire

159
159 

versions of the Ainsworth’s compendium of PA and use of new MET values, and the 
age-correction that is advised in the SQUASH manual. 

Table 3. An example for the categorization of physical activity minutes into intensity 
categories, according to age correction  
Activity Step 2 Step 3 

MET 
value 

Age Intensity  
category based 
on MET value 

Reported 
level of 
effort 

Intensity 
factor 

Intensity 
category 

Walking 3.5 

18-55 Light 
Slow 1 Light 
Moderate 2 Light 
Fast 3 Moderate 

>55 Moderate 
Slow 4 Moderate 
Moderate 5 Moderate 
Fast 6 Vigorous 

The value of light physical activity 
The findings of a validation study conducted by Nicolaou et al. [7] along with our 
own observations of the Lifelines data (n = 133,428; mean age = 45.2 ± 5.6 years; 
and men: 43.5%), confirm the validity of including light PA, and, by implication, the 
validity of the ‘total PA’ variable, of which light PA is an important component. While 
examining data from the large-scale population-based Lifelines cohort study, we 
observed an uneven distribution pattern for the histograms depicting the total PA 
(Figure 2).  

Figure 2. Histogram of physical activity minutes per week, according to intensity 
category,  
Note: A. Total, B. Light, C. moderate, D. vigorous physical activity 
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Figure 2. (continued). 
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It appeared that the indentation observed in the histogram was attributable to light 
PA (Figures 2B). In fact, the histogram depicting light PA was consistent with two 
overlapping distributions: one for light PA arising from questions on activities at work 
and commuting, and one for light PA arising from questions on household- or leisure-
related activities. This finding indicates that a large portion of light PA was not 
accounted for in the current set of questions. This would explain the indentation 
observed between the tops in the histogram as well as the underestimation of light 
PA in contrast to the depiction of light PA derived from measurements using an 
accelerometer, which is normally distributed with just one top. For instance, in the 
study conducted by Nicolaou et al. [7], the mean values of light PA ± SD obtained 
using Actiheart and SQUASH were, respectively, 3,003 ± 1,373 min/week and 1,936 
± 966 min/week for men and 3,712 ± 1,328 min/week and 1,926 ± 856 min/week 
for women. The Spearman correlation coefficient for light PA obtained with SQUASH 
versus Actiheart was -0.11 (non-significant) for women and +0.20 (non-significant) 
for men. Furthermore, the use of the total PA variable may have introduced bias 
relating to occupational status, given that sedentary/standing/walking office work 
accounts for a large proportion of light PA. 

The different versions of the Ainsworth’s compendium of PA and use of 
new MET values  
The Ainsworth’s compendium is used to assign MET values for each of the activities 
included in the SQUASH questionnaire [6]. The 1993 version of the compendium 
includes MET values provided by Wendel-Vos et al. in their manual.[5] However, the 
versions of Ainsworth’s compendium of physical activity released in 2000, and 
subsequently in 2011, that were updated based on experts’ assessments (Table 4) 
include MET values that are more specific to individual physical activities [6]. These 
revisions resulted in modifications of MET values used for data processing.  

Table 4. A comparison of MET values for physical activities in the different versions 
of the Ainsworth’s compendium (1993 and 2011).  
Physical activity Codes Ainsworth’s 

compendium in 
1993 

Ainsworth’s 
compendium in 

2011 
Non-sport activities 
Walking 17250 3.5 3.5 
Bicycling 02010 5.0 7.0 
Odd jobs 06040 5.0 3.0 
Gardening 08245 3.0 3.8 
Light household work 05040 2.5 2.5 
Intense household work 05020 4.5 3.5 
Light activities at work 11600 2.5 3.0 
Intense activities at work 11630 4.0 4.5 
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Table 4. (continued). 
Physical activity Codes Ainsworth’s 

compendium in 
1993 

Ainsworth’s 
compendium in 

2011 
Sport activities * 
Aqua aerobics 02120 4.0 5.3 
Aerobics 03015 6.0 7.3 
Archery 15010 3.5 4.3 
Badminton 15030 4.5 5.5 
Boxing 15120 9.0 7.8 
Golf 15255 4.5 4.8 
Hockey 15350 8.0 7.8 
Horse riding 15370 4.0 5.5 
Tennis 15675 7.0 7.3 
Snowboarding 19160 6.0 5.3 

Note: * Table presents MET values for certain sport activities if the MET values are updated in the Ainsworth’s 
compendium in 2011. The MET values for other sport activities are described in the manual of Wendel-Vos et al 
[5].  

Whereas the updated MET values could be more accurate for sports-related 
activities, those for non-sports-related activities may need careful consideration. 
When the SQUASH questionnaire was developed, the MET value provided in the 
compendium that was current at the time (1993) for cycling that was not sports-
related was 5 [5], and the minutes of cycling were categorized mostly at a moderate 
level. The updated MET value for general cycling (outside of sports) derived from the 
2011 version of the compendium is 7 [6]. Other comparative activities with MET 
values of 7 include jumping jacks, roller skating, playing squash, or very brisk 
backpacking/hiking. Furthermore, we were alerted to a potential flaw when looking 
at the descriptive of the renal transplant patient cohort (n = 707). Counterintuitively, 
they appeared to engage more in vigorous rather than moderate PA. The suspicion 
that something may be wrong is supported by the fact that in any kind of PA data 
the minutes in vigorous activity never exceed the minutes in moderate physical 
activity, be it derived from questionnaires or accelerometry, from adults or children. 
We then discovered that this overestimation of vigorous activity was because cycling 
activities were considered as vigorous physical activity. In most cases, this 
overestimation had no consequences for the data analysis for this thesis, as we used 
a combination of moderate and vigorous physical activity (MVPA) as a measure of 
physical activity rather than considering either moderate or vigorous physical activity 
separately. However, in the case of separate calculations of moderate and vigorous 
minutes or the case of using MET-minutes’ (MET values multiplied by activity 
minutes), it seems more appropriate to use a MET value of 5 rather than 7 for 
cycling activities performed as commuting and leisure activities (not as sports). 
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Age correction 

A clear rationale as well as validation of the use of different categories of intensity 
(cut-off points) for the same activity conducted by individuals belonging to different 
age groups (age correction) appeared to be lacking. The results obtained for 
different age groups have not been examined in previous validation studies [1, 7, 8]. 
Thus, it is unclear whether or not the use of age-dependent cut-off points for MET 
values is necessary and justifiable. We were concerned that, compared with the use 
of MET values in the 1993 compendium, combined with age-dependent cut-off 
values for intensity categories (age correction), the use of updated MET values in the 
2011 compendium, with age correction, could lead to an overestimation of high-
intensity PA in older adults (SQUASH outcomes). In older adults (> 55 years), an 
activity that was previously considered to be of low intensity would be considered to 
be of moderate to vigorous intensity and vice versa (Table 5). For example, the 
objective in the updated version of the compendium (2011) was to lower the 
intensity levels (MET values) for household activities and odd jobs. However, these 
activities can still be considered as moderate if age correction is applied. 

Table 5. The application of age correction to categories of physical activity based on 
two versions of the Ainsworth’s compendium of physical activity (1993 and 2011)  
Physical activity Ainsworth’s compendium in 

1993 
Ainsworth’s compendium in 
2011 

MET Age (years) MET Age (years) 
18-55 > 55 18-55 > 55 

Walking 3.5 LPA MVPA 3.5 LPA MVPA 
Bicycling 5.0 MVPA MVPA 7.0 MVPA MVPA 
Odd jobs 5.0 MVPA MVPA 3.0 LPA MVPA 
Gardening 3.0 LPA MVPA 3.8 LPA MVPA 
Light household work 2.5 LPA LPA 2.5 LPA LPA 
Intense household work 4.5 MVPA MVPA 3.5 LPA MVPA 
Light activities at work 2.5 LPA LPA 3.0 LPA MVPA 
Intense activities at work 4.0 MVPA MVPA 4.5 MVPA MVPA 

Note: MET values of sport activities are between 2.0 and 12.0 in both versions and minutes of sports can be 
differently categorized into age groups if age correction is applied. LPA,  light physical activity; MVPA, moderate 
to vigorous physical activity. 

Nicolaou et al., who conducted a validation study of SQUASH, found that minutes 
of high-intensity activity had been overestimated [7]. Further, minutes of light-
intensity activity had been significantly underestimated compared with objectively 
measured minutes. This finding confirms the need for caution when using updated 
MET values or age correction for data processing of SQUASH outcomes. When we 
compared minutes of PA of different intensities using the earlier and later versions of 
the Ainsworth’s compendium of physical activity (1993 and 2011) with age 
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correction, the mean of minutes of light PA in the 1993 version of the compendium 
was almost two times lower than the mean obtained using the 2011 version of the 
compendium (Table 6).  

Table 6. Minutes of physical activity by intensity, applying age correction and using 
different versions of Ainsworth’s compendium of physical activity (1993 and 2011)  
Ainsworth’s 
compendium 

Minutes per week (mean) 
Light Moderate Vigorous Total 

1993 1568.2 573.1 335.2 2476.4 
2011 800.1 1448.7 227.6 2476.4 
Note: Data sourced from a large-scale population-based Lifelines cohort (n = 133, 428; mean age = 45.2 years ± 
5.6) 

Stratification of the participants by age, total MVPA appears to have been 
overestimated for older people. On average, the total MVPA was 520 minutes/week 
in adults aged below 55 years and 1,315 minutes/week in adults aged 55 years and 
above. Applying common sense, we did not consider it likely that adults aged >55 
years would be 2.5 times as active as adults aged 18–55 years in terms of the total 
MVPA (Figure 3). Figure 3 also depicts a comparison of domain-specific MVPA for 
age categories with and without age correction. It seems that MVPA levels relating to 
household and leisure activities could lead to an overestimation of the total high-
intensity activity (MVPA) minutes, especially in older adults. Moreover, the new MET 
values for work-related activities could also account for the overestimation of high-
intensity activities in older adults. Therefore, age correction may not be needed if 
MET values in the updated version of the compendium (2011) are used. 

Figure 3. Some differences in MVPA domains with and without age correction 
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CONCLUSIONS 

There appears to be a need to validate the SQUASH questionnaire both for different 
age groups (over or under 55 years) as well as the updated MET values in the 
updated version of the compendium. Without new validation studies, it is not 
possible to indicate which data processing method is most appropriate for this 
questionnaire. Nevertheless, in light of our observations, combined with the use of a 
common sense approach, we would like to offer a number of recommendations for 
processing SQUASH data, the most important one being that MVPA should be 
calculated without making age corrections. 

Recommendations for SQUASH users 
1. Total physical activity in minutes/week should not be used as a measure of

physical activity because this measure includes light physical activity, and light
physical activity entails a high risk of obtaining imprecise estimates of total
minutes of light PA and because of potential bias relating to occupational status.

2. Moderate to vigorous physical activity (MVPA) measured in minutes/week is the
best variable to rank individuals by level of physical activity.

3. Updated MET values (derived from the 2011 version of compendium) should be
applied to calculate the MVPA, but without age correction during data processing.
In other words, in the absence of a sound and validated rationale for the
inclusion of age correction in data processing, the same categories of intensity
should be applied for adults belonging to both younger (18–55 years) and older
(>55 years) age groups. In this chapter, we have provided supplementary
materials for revising SQUASH data (outcome) processing (see the syntax in the
supplementary material 2).

4. An alternative outcome for physical activity that is often used is ‘MET-minutes’.
However, if updated MET values derived from the 2011 version of the Ainsworth’s
compendium are used, MET values for cycling conducted as a commuting or
leisure-time activity should be set at 5.0 to avoid overestimating vigorous PA.
Moreover, it is best to use ‘MET-minutes in MVPA’, thus MET-minutes for the
moderate to vigorous levels (selecting MET ≥ 4) because of the high risk of
obtaining imprecise estimates for light PA minutes.

5. Compared with occupational PA, leisure time and commuting PA demonstrate a
much clearer association with health outcomes. Therefore, we recommend to
make a substantiated decision to include or exclude occupational PA in the PA
measure you want to use, since PA in the various domains seem to represent
different kinds of activity with differential health effects.
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Short Questionnaire to Assess Health-enhancing physical activity 

COMMUTING ACTIVITIES 
(round trip)

Days 
per week

Average time 
per day

Effort 
(circle please)

Walking to/from work or school ____ days ___ hour ___ minutes slow/moderate/fast

Bicycling to/from work or school ____ days ___ hour ___ minutes slow/moderate/fast

Not applicable ____

LEISURE-TIME ACTIVITIES Days 
per week

Average time 
per day

Effort 
(circle please)

Walking ____ days ___ hour ___ minutes slow/moderate/fast

Bicycling ____ days ___ hour ___ minutes slow/moderate/fast

Gardening ____ days ___ hour ___ minutes slow/moderate/fast

Odd jobs ____ days ___ hour ___ minutes slow/moderate/fast

Sports (please write down yourself) 
e.g., tennis, fitness, skating, dancing
1. ……………………………………….. ____ days ___ hour ___ minutes slow/moderate/fast

2. ……………………………………….. ____ days ___ hour ___ minutes slow/moderate/fast

3. ……………………………………….. ____ days ___ hour ___ minutes slow/moderate/fast

4. ……………………………………….. ____ days ___ hour ___ minutes slow/moderate/fast

HOUSEHOLD ACTIVITIES Days 
per week

Average time 
per day

Light household work 
(cooking, washing dishes, ironing, child care)

____ days ___ hour ___ minutes

Intense household work
(scrubbing floor, walking with heavy shopping bags)

____ days ___ hour ___ minutes

ACTIVITIES AT WORK AND SCHOOL Average time per day

Light work 
(sitting/standing with someone walking, e.g., a desk job)

___ hour ___ minutes

Intense work
(regularly lifting heavy objects at work)

___ hour ___ minutes

Not applicable ____

TOTAL Days per week

On average how many days a week are you, all together added up,
spent at least half an hour cycling, gardening or exercising?

__

Note: The content of these versions is exactly the same, only the layout differs. 

SUPPLEMENTARY MATERIAL 1.
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Renewed SQUASH data processing 

1. Overview of the variables

No Measurement Variable 
name in
dataset

Label (short description of the variable)

1 Commuting 
PA: 
- Walking
- Cycling
- Total 

wwl_i_v2 Commuting: walking, intensity factor, updated
wwfmet_v2 Commuting: cycling, MET value, updated
wwf_i_v2 Commuting: cycling, intensity factor, updated
l_wwmwk Commuting: light activity minutes (new)
m_wwmwk Commuting: moderate activity minutes (new)
z_wwmwk Commuting: vigorous activity minutes (new)
mz_wwmwk Commuting: moderate-to-vigorous minutes per week (new)
wwlscor_v2 Commuting: walking, activity score, updated
wwfscor_v2 Commuting: cycling, activity score, updated
wwscor_v2 Commuting: activity score, updated

2 Leisure-time 
PA: 
- Walking
- Cycling
- Gardening 
- Odd jobs
- Sports 
- Total 

wan_i_v2 Leisure time: walking, intensity factor, updated
fietmet_v2 Leisure time: cycling, MET value, updated
fiet_i_v2 Leisure time: cycling, intensity factor, updated
tuin_i_v2 Leisure time: gardening, intensity factor, updated
klus_i_v2 Leisure time: odd jobs, intensity factor, updated
sp1_i_v2 Leisure time: sports, intensity factor, updated
sp2_i_v2 Leisure time: sports, intensity factor, updated
sp3_i_v2 Leisure time: sports, intensity factor, updated
sp4_i_v2 Leisure time: sports, intensity factor, updated
l_vtmwk Leisure time: light activity minutes (new)
m_vtmwk Leisure time: moderate activity minutes (new)
z_vtmwk Leisure time: vigorous activity minutes (new)
mz_vtmwk Leisure time: moderate-to-vigorous minutes per week (new)
wanscor_v2 Leisure time: walking, activity score, updated
fietscor_v2 Leisure time: cycling, activity score, updated
tuinscor_v2 Leisure time: gardening, activity score, updated
klusscor_v2 Leisure time: odd jobs, activity score, updated
sp1scor_v2 Leisure time: sports, activity score, updated
sp2scor_v2 Leisure time: sports, activity score, updated
sp3scor_v2 Leisure time: sports, activity score, updated
sp4scor_v2 Leisure time: sports, activity score, updated
vtscor_v2 Leisure time: activity score, updated

3 Household PA: 
- Light/mode

rate
- Vigorous 
- Total 

hhl_i_v2 Light moderate household activities: intensity factor, 
updated

hhz_i_v2 Vigorous household activities: updated intensity factor, 
updated

l_hhmwk Household activity: light intensity minutes per week (new)
m_hhmwk Household activity: moderate intensity minutes per week 

SUPPLEMENTARY MATERIAL 2. 
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(new)
z_hhmwk Household activity: vigorous intensity minutes per week 

(new)
mz_hhmwk Household activity: moderate-to-vigorous minutes per week 

(new)
hhlscor_v2 Light moderate household activities: activity score, updated
hhzscor_v2 Vigorous household activities: activity score, updated
hhscor_v2 Household activities: activity score, updated

4 Occupational 
PA: 
- Light/mode

rate
- Vigorous 
- Total

werkl_i_v2 Light work activities: intensity factor, updated
werkz_i_v2 Vigorous work activities: intensity factor, updated
l_werkmwk Work activity: light intensity minutes per week (new)
m_werkmwk Work activity: moderate intensity minutes per week (new)
z_werkmwk Work activity: vigorous intensity minutes per week (new)
mz_werkmwk Work activity: moderate-to-vigorous minutes per week 

(new)
werklscor_v2 Light work activities: updated activity score, updated
werkzscor_v2 Vigorous work activities: updated activity score, updated
werkscor_v2 Work: updated activity score, updated

5 Total and other 
additional

l_mwk_v2 Light intensity, minutes per week, updated 
m_mwk_v2 Moderate intensity, minutes per week, updated 
z_mwk_v2 Vigorous intensity, minutes per week, updated 
mz_mwk Total, moderate-to-vigorous minutes per week (new)
mz_cltpa_mw
k

Commuting-and-leisure-time: moderate-to-vigorous minutes 
per week (new)

l_scor_v2 Light intensity, activity score, updated
m_scor_v2 Moderate intensity, activity score, updated
z_scor_v2 Vigorous intensity, activity score, updated
totscor_v2 Total, activity score, updated
wwmis_v2 Commuting, missing, updated 
vtmis_v2 Leisure time, missing, updated 
hhmis_v2 Household activities, missing, updated
werkmis_v2 Work activities, missing, updated
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2. SPSS syntaxes

*** 1. Updates of MET values ***. 
*Note: Previous SQUASH outcome measures in Lifelines included MET values from the Ainsworth's
compendium of 2011 version.  We additionally suggest that MET values for non-sport cycling should 
be at 5.0* 

COMPUTE wwfmet_v2 = 5.0. 
EXECUTE. 
VARIABLE LABELS wwfmet_v2 'Commuting: cycling, MET value, updated'. 
EXECUTE. 
COMPUTE fietmet_v2  = 5.0. 
EXECUTE. 
VARIABLE LABELS  fietmet_v2 'Leisure time: cycling, MET value, updated'. 
EXECUTE. 

*** 2. Re-scoring of intensity factors of individual activities of the questionnaire without age-
correction ***.  

** 2.1. Commuting physical activities **. 
* Walking *.
COMPUTE wwl_i_v2 = 0. 
IF (wwlmet lt 4.0 AND wwlinsp = 1) wwl_i_v2= 1. 
IF (wwlmet lt 4.0 AND wwlinsp = 2) wwl_i_v2= 2. 
IF (wwlmet lt 4.0 AND wwlinsp = 3) wwl_i_v2= 3. 
IF (wwlmet ge 4.0 AND wwlmet lt 6.5 AND wwlinsp = 1) wwl_i_v2= 4. 
IF (wwlmet ge 4.0 AND wwlmet lt 6.5 AND wwlinsp = 2) wwl_i_v2= 5. 
IF (wwlmet ge 4.0 AND wwlmet lt 6.5 AND wwlinsp = 3) wwl_i_v2= 6. 
IF (wwlmet ge 6.5 AND wwlinsp = 1) wwl_i_v2= 7. 
IF (wwlmet ge 6.5 AND wwlinsp = 2) wwl_i_v2= 8. 
IF (wwlmet ge 6.5 AND wwlinsp = 3) wwl_i_v2= 9. 
EXECUTE. 
VARIABLE LABELS  wwl_i_v2 'Commuting: walking, intensity factor, updated'. 
EXECUTE. 
* Cycling *.
COMPUTE wwf_i_v2 = 0. 
IF (wwfmet_v2 lt 4.0 AND wwfinsp = 1) wwf_i_v2 = 1. 
IF (wwfmet_v2 lt 4.0 AND wwfinsp = 2) wwf_i_v2 = 2. 
IF (wwfmet_v2 lt 4.0 AND wwfinsp = 3) wwf_i_v2= 3. 
IF (wwfmet_v2 ge 4.0 AND wwfmet_v2 lt 6.5 AND wwfinsp = 1) wwf_i_v2 = 4. 
IF (wwfmet_v2 ge 4.0 AND wwfmet_v2 lt 6.5 AND wwfinsp = 2) wwf_i_v2 = 5. 
IF (wwfmet_v2 ge 4.0 AND wwfmet_v2 lt 6.5 AND wwfinsp = 3) wwf_i_v2 = 6. 
IF (wwfmet_v2 ge 6.5 AND wwfinsp = 1) wwf_i_v2 = 7. 
IF (wwfmet_v2 ge 6.5 AND wwfinsp = 2) wwf_i_v2 = 8. 
IF (wwfmet_v2 ge 6.5 AND wwfinsp = 3) wwf_i_v2 = 9. 
EXECUTE. 
VARIABLE LABELS  wwf_i_v2 'Commuting: cycling, intensity factor, updated'. 
EXECUTE. 
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** 2.2. Leisure time physical activities **. 
* Walking *.
IF (wanmet lt 4.0 AND waninsp = 1) wan_i_v2 = 1. 
IF (wanmet lt 4.0 AND waninsp = 2) wan_i_v2 = 2. 
IF (wanmet lt 4.0 AND waninsp = 3) wan_i_v2 = 3. 
IF (wanmet ge 4.0 AND wanmet lt 6.5 AND waninsp = 1) wan_i_v2 = 4. 
IF (wanmet ge 4.0 AND wanmet lt 6.5 AND waninsp = 2) wan_i_v2 = 5. 
IF (wanmet ge 4.0 AND wanmet lt 6.5 AND waninsp = 3) wan_i_v2 = 6. 
IF (wanmet ge 6.5 AND waninsp = 1) wan_i_v2 = 7. 
IF (wanmet ge 6.5 AND waninsp = 2) wan_i_v2 = 8. 
IF (wanmet ge 6.5 AND waninsp = 3) wan_i_v2 = 9. 
EXECUTE. 
VARIABLE LABELS  wan_i_v2 'Leisure time: walking, intensity factor, updated'. 
EXECUTE. 
* Cycling *.
IF (fietmet_v2 lt 4.0 AND fietinsp = 1) fiet_i_v2 = 1. 
IF (fietmet_v2 lt 4.0 AND fietinsp = 2) fiet_i_v2 = 2. 
IF (fietmet_v2 lt 4.0 AND fietinsp = 3) fiet_i_v2 = 3. 
IF (fietmet_v2 ge 4.0 AND fietmet_v2 lt 6.5 AND fietinsp = 1) fiet_i_v2 = 4. 
IF (fietmet_v2 ge 4.0 AND fietmet_v2 lt 6.5 AND fietinsp = 2) fiet_i_v2 = 5. 
IF (fietmet_v2 ge 4.0 AND fietmet_v2 lt 6.5 AND fietinsp = 3) fiet_i_v2 = 6. 
IF (fietmet_v2 ge 6.5 AND fietinsp = 1) fiet_i_v2 = 7. 
IF (fietmet_v2 ge 6.5 AND fietinsp = 2) fiet_i_v2 = 8. 
IF (fietmet_v2 ge 6.5 AND fietinsp = 3) fiet_i_v2 = 9. 
EXECUTE. 
VARIABLE LABELS fiet_i_v2 'Leisure time: cycling, intensity factor, updated'. 
EXECUTE. 
* Gardening *.
IF (tuinmet lt 4.0 AND tuininsp = 1) tuin_i_v2= 1. 
IF (tuinmet lt 4.0 AND tuininsp = 2) tuin_i_v2= 2. 
IF (tuinmet lt 4.0 AND tuininsp = 3) tuin_i_v2= 3. 
IF (tuinmet ge 4.0 AND tuinmet lt 6.5 AND tuininsp = 1) tuin_i_v2= 4. 
IF (tuinmet ge 4.0 AND tuinmet lt 6.5 AND tuininsp = 2) tuin_i_v2= 5. 
IF (tuinmet ge 4.0 AND tuinmet lt 6.5 AND tuininsp = 3) tuin_i_v2= 6. 
IF (tuinmet ge 6.5 AND tuininsp = 1) tuin_i_v2= 7. 
IF (tuinmet ge 6.5 AND tuininsp = 2) tuin_i_v2= 8. 
IF (tuinmet ge 6.5 AND tuininsp = 3) tuin_i_v2= 9. 
EXECUTE. 
VARIABLE LABELS tuin_i_v2 'Leisure time: gardening, intensity factor, updated'. 
EXECUTE. 
* Odd jobs *.
IF (klusmet lt 4.0 AND klusinsp = 1) klus_i_v2 = 1. 
IF (klusmet lt 4.0 AND klusinsp = 2) klus_i_v2 = 2. 
IF (klusmet lt 4.0 AND klusinsp = 3) klus_i_v2 = 3. 
IF (klusmet ge 4.0 AND klusmet lt 6.5 AND klusinsp = 1) klus_i_v2 = 4. 
IF (klusmet ge 4.0 AND klusmet lt 6.5 AND klusinsp = 2) klus_i_v2 = 5. 
IF (klusmet ge 4.0 AND klusmet lt 6.5 AND klusinsp = 3) klus_i_v2 = 6. 
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IF (klusmet ge 6.5 AND klusinsp = 1) klus_i_v2 = 7. 
IF (klusmet ge 6.5 AND klusinsp = 2) klus_i_v2 = 8. 
IF (klusmet ge 6.5 AND klusinsp = 3) klus_i_v2 = 9. 
EXECUTE. 
VARIABLE LABELS klus_i_v2 'Leisure time: odd jobs, intensity factor, updated'. 
EXECUTE. 
* Sports *.
IF (sp1met lt 4.0 AND sp1insp = 1) sp1_i_v2 = 1. 
IF (sp1met lt 4.0 AND sp1insp = 2) sp1_i_v2 = 2. 
IF (sp1met lt 4.0 AND sp1insp = 3) sp1_i_v2 = 3. 
IF (sp1met ge 4.0 AND sp1met lt 6.5 AND sp1insp = 1) sp1_i_v2 = 4. 
IF (sp1met ge 4.0 AND sp1met lt 6.5 AND sp1insp = 2) sp1_i_v2 = 5. 
IF (sp1met ge 4.0 AND sp1met lt 6.5 AND sp1insp = 3) sp1_i_v2 = 6. 
IF (sp1met ge 6.5 AND sp1insp = 1) sp1_i_v2 = 7. 
IF (sp1met ge 6.5 AND sp1insp = 2) sp1_i_v2 = 8. 
IF (sp1met ge 6.5 AND sp1insp = 3) sp1_i_v2 = 9. 
IF (sp2met lt 4.0 AND sp2insp = 1) sp2_i_v2 = 1. 
IF (sp2met lt 4.0 AND sp2insp = 2) sp2_i_v2 = 2. 
IF (sp2met lt 4.0 AND sp2insp = 3) sp2_i_v2 = 3. 
IF (sp2met ge 4.0 AND sp2met lt 6.5 AND sp2insp = 1) sp2_i_v2 = 4. 
IF (sp2met ge 4.0 AND sp2met lt 6.5 AND sp2insp = 2) sp2_i_v2 = 5. 
IF (sp2met ge 4.0 AND sp2met lt 6.5 AND sp2insp = 3) sp2_i_v2 = 6. 
IF (sp2met ge 6.5 AND sp2insp = 1) sp2_i_v2 = 7. 
IF (sp2met ge 6.5 AND sp2insp = 2) sp2_i_v2 = 8. 
IF (sp2met ge 6.5 AND sp2insp = 3) sp2_i_v2 = 9. 
IF (sp3met lt 4.0 AND sp3insp = 1) sp3_i_v2 = 1. 
IF (sp3met lt 4.0 AND sp3insp = 2) sp3_i_v2 = 2. 
IF (sp3met lt 4.0 AND sp3insp = 3) sp3_i_v2 = 3. 
IF (sp3met ge 4.0 AND sp3met lt 6.5 AND sp3insp = 1) sp3_i_v2 = 4. 
IF (sp3met ge 4.0 AND sp3met lt 6.5 AND sp3insp = 2) sp3_i_v2 = 5. 
IF (sp3met ge 4.0 AND sp3met lt 6.5 AND sp3insp = 3) sp3_i_v2 = 6. 
IF (sp3met ge 6.5 AND sp3insp = 1) sp3_i_v2 = 7. 
IF (sp3met ge 6.5 AND sp3insp = 2) sp3_i_v2 = 8. 
IF (sp3met ge 6.5 AND sp3insp = 3) sp3_i_v2 = 9. 
IF (sp4met lt 4.0 AND sp4insp = 1) sp4_i_v2 = 1. 
IF (sp4met lt 4.0 AND sp4insp = 2) sp4_i_v2 = 2. 
IF (sp4met lt 4.0 AND sp4insp = 3) sp4_i_v2 = 3. 
IF (sp4met ge 4.0 AND sp4met lt 6.5 AND sp4insp = 1) sp4_i_v2 = 4. 
IF (sp4met ge 4.0 AND sp4met lt 6.5 AND sp4insp = 2) sp4_i_v2 = 5. 
IF (sp4met ge 4.0 AND sp4met lt 6.5 AND sp4insp = 3) sp4_i_v2 = 6. 
IF (sp4met ge 6.5 AND sp4insp = 1) sp4_i_v2 = 7. 
IF (sp4met ge 6.5 AND sp4insp = 2) sp4_i_v2 = 8. 
IF (sp4met ge 6.5 AND sp4insp = 3) sp4_i_v2 = 9. 
EXECUTE. 
VARIABLE LABELS  sp1_i_v2 'Leisure time: sport 1, intensity factor, updated'. 
VARIABLE LABELS  sp2_i_v2 'Leisure time: sport 2, intensity factor, updated'. 
VARIABLE LABELS  sp3_i_v2 'Leisure time: sport 3, intensity factor, updated'. 
VARIABLE LABELS  sp4_i_v2 'Leisure time: sport 4, intensity factor, updated'. 
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EXECUTE. 

** 2.3. Household physical activities **.  
IF (hhlmet lt 4.0) hhl_i_v2= 2. 
IF (hhlmet ge 4.0 AND hhlmet lt 6.5) hhl_i_v2= 5. 
IF (hhlmet ge 6.5) hhl_i_v2= 8.  
IF (hhzmet lt 4.0) hhz_i_v2= 2. 
IF (hhzmet ge 4.0 AND hhzmet lt 6.5) hhz_i_v2= 5. 
IF (hhzmet ge 6.5) hhz_i_v2= 8. 
EXECUTE. 
VARIABLE LABELS  hhl_i_v2 'Light/moderate household activities: intensity factor, updated'. 
VARIABLE LABELS  hhz_i_v2 'Vigorous household activities: intensity factor, updated'. 
EXECUTE. 

** 2.4. Work: physical activities **.  
IF (werklmet lt 4.0) werkl_i_v2 = 2. 
IF (werklmet ge 4.0 AND werklmet lt 6.5) werkl_i_v2 = 5. 
IF (werklmet ge 6.5) werkl_i_v2 = 8. 
IF (werkzmet lt 4.0) werkz_i_v2 = 2. 
IF (werkzmet ge 4.0 AND werkzmet lt 6.5) werkz_i_v2 = 5. 
IF (werkzmet ge 6.5) werkz_i_v2 = 8. 
EXECUTE. 
VARIABLE LABELS  werkl_i_v2 'Light work activities: intensity factor, updated'. 
VARIABLE LABELS  werkz_i_v2 'Vigorous work activities: intensity factor, updated'. 
EXECUTE. 

*** 3. Re-categorization of physical activity minutes into intensity categories ***. 

** 3.1. Categorizations for domain specific physical activities **. 
* 3.1.1. Commuting PA *.
COMPUTE l_wwmwk= 0. 
 IF (wwl_i_v2  lt 3) l_wwmwk= l_wwmwk+ wwlmwk. 
 IF (wwf_i_v2   lt 3) l_wwmwk= l_wwmwk+ wwfmwk. 
EXECUTE. 
COMPUTE m_wwmwk= 0. 
 IF (wwl_i_v2  ge 3 AND wwl_i_v2   lt 6) m_wwmwk= m_wwmwk+ wwlmwk. 
 IF (wwf_i_v2   ge 3 AND wwf_i_v2   lt 6) m_wwmwk= m_wwmwk+ wwfmwk. 
EXECUTE.   
COMPUTE z_wwmwk= 0. 
 IF (wwl_i_v2  ge 6) z_wwmwk= z_wwmwk+ wwlmwk. 
 IF (wwf_i_v2   ge 6) z_wwmwk= z_wwmwk+ wwfmwk. 
EXECUTE. 
VARIABLE LABELS l_wwmwk 'Commuting: light intensity minutes per week (new)'. 
VARIABLE LABELS m_wwmwk 'Commuting: moderate intensity minutes per week (new)'. 
VARIABLE LABELS z_wwmwk 'Commuting: vigorous intensity minutes per week (new)'. 
EXECUTE. 
COMPUTE wwmis_v2=0. 
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IF (sysmis (wwmwk)) wwmis_v2=1. 
EXECUTE. 
VARIABLE LABELS wwmis_v2 'Commuting, missing, updated'. 
EXECUTE. 
RECODE wwmis_v2 (1=sysmis) INTO l_wwmwk.  
RECODE wwmis_v2 (1=sysmis) INTO m_wwmwk.  
RECODE wwmis_v2 (1=sysmis) INTO z_wwmwk.  
EXECUTE. 
* checking for commuting PA *.
COMPUTE total_wwmwk=l_wwmwk + m_wwmwk + z_wwmwk. 
EXECUTE. 
DESCRIPTIVES VARIABLES=wwmwk total_wwmwk 
  /STATISTICS=MEAN STDDEV MIN MAX. 
*Note: mean of wwmwk total_wwmwk variables should be same*.
DELETE VARIABLES total_wwmwk. 
EXECUTE. 

* 3.1.2. Leisure time PA *.
COMPUTE l_vtmwk= 0. 
 IF (wan_i_v2   lt 3) l_vtmwk= l_vtmwk+ wanmwk. 
 IF (fiet_i_v2  lt 3) l_vtmwk= l_vtmwk+ fietmwk. 
 IF (tuin_i_v2 lt 3) l_vtmwk= l_vtmwk+ tuinmwk. 
 IF (klus_i_v2  lt 3) l_vtmwk= l_vtmwk+ klusmwk. 
 IF (sp1_i_v2   lt 3) l_vtmwk= l_vtmwk+ sp1mwk. 
 IF (sp2_i_v2   lt 3) l_vtmwk= l_vtmwk+ sp2mwk. 
 IF (sp3_i_v2   lt 3) l_vtmwk= l_vtmwk+ sp3mwk. 
 IF (sp4_i_v2   lt 3) l_vtmwk= l_vtmwk+ sp4mwk. 
EXECUTE. 
COMPUTE m_vtmwk= 0. 
 IF (wan_i_v2   ge 3 AND wan_i_v2   lt 6) m_vtmwk= m_vtmwk+ wanmwk. 
 IF (fiet_i_v2  ge 3 AND fiet_i_v2  lt 6) m_vtmwk= m_vtmwk+ fietmwk. 
 IF (tuin_i_v2 ge 3 AND tuin_i_v2 lt 6) m_vtmwk= m_vtmwk+ tuinmwk. 
 IF (klus_i_v2  ge 3 AND klus_i_v2  lt 6) m_vtmwk= m_vtmwk+ klusmwk. 
 IF (sp1_i_v2   ge 3 AND sp1_i_v2    lt 6) m_vtmwk= m_vtmwk+ sp1mwk. 
 IF (sp2_i_v2   ge 3 AND sp2_i_v2    lt 6) m_vtmwk= m_vtmwk+ sp2mwk. 
 IF (sp3_i_v2   ge 3 AND sp3_i_v2    lt 6) m_vtmwk= m_vtmwk+ sp3mwk. 
 IF (sp4_i_v2   ge 3 AND sp4_i_v2    lt 6) m_vtmwk= m_vtmwk+ sp4mwk. 
EXECUTE.   
COMPUTE z_vtmwk= 0. 
 IF (wan_i_v2   ge 6) z_vtmwk= z_vtmwk+ wanmwk. 
 IF (fiet_i_v2  ge 6) z_vtmwk= z_vtmwk+ fietmwk. 
 IF (tuin_i_v2 ge 6) z_vtmwk= z_vtmwk+ tuinmwk. 
 IF (klus_i_v2  ge 6) z_vtmwk= z_vtmwk+ klusmwk. 
 IF (sp1_i_v2   ge 6) z_vtmwk= z_vtmwk+ sp1mwk. 
 IF (sp2_i_v2   ge 6) z_vtmwk= z_vtmwk+ sp2mwk. 
 IF (sp3_i_v2   ge 6) z_vtmwk= z_vtmwk+ sp3mwk. 
 IF (sp4_i_v2   ge 6) z_vtmwk= z_vtmwk+ sp4mwk. 
EXECUTE. 
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VARIABLE LABELS l_vtmwk 'Leisure time: light intensity minutes per week (new)'. 
VARIABLE LABELS m_vtmwk 'Leisure time: moderate intensity minutes per week (new)'. 
VARIABLE LABELS z_vtmwk 'Leisure time: vigorous intensity minutes per week (new)'. 
EXECUTE. 
COMPUTE vtmis_v2=0. 
IF (sysmis (vtmwk)) vtmis_v2=1. 
EXECUTE. 
VARIABLE LABELS vtmis_v2 'Leisure time, missing, updated'. 
EXECUTE. 
RECODE vtmis_v2 (1=sysmis) INTO l_vtmwk.  
RECODE vtmis_v2 (1=sysmis) INTO m_vtmwk.  
RECODE vtmis_v2 (1=sysmis) INTO z_vtmwk.  
EXECUTE. 
* checking for leisure time PA *.
COMPUTE total_vtmwk=l_vtmwk + m_vtmwk + z_vtmwk. 
EXECUTE. 
DESCRIPTIVES VARIABLES=vtmwk total_vtmwk 
  /STATISTICS=MEAN STDDEV MIN MAX. 
*Note: mean of wwmwk total_wwmwk variables should be same*.
DELETE VARIABLES total_vtmwk. 
EXECUTE. 

* 3.1.3. household PA *.
COMPUTE l_hhmwk= 0. 
 IF (hhl_i_v2  lt 3) l_hhmwk= l_hhmwk+ hhlmwk. 
 IF (hhz_i_v2  lt 3) l_hhmwk= l_hhmwk+ hhzmwk. 
EXECUTE.  
COMPUTE m_hhmwk= 0. 
 IF (hhl_i_v2  ge 3 AND hhl_i_v2  lt 6) m_hhmwk= m_hhmwk+ hhlmwk. 
 IF (hhz_i_v2  ge 3 AND hhz_i_v2  lt 6) m_hhmwk= m_hhmwk+ hhzmwk. 
EXECUTE.  
COMPUTE z_hhmwk= 0. 
 IF (hhl_i_v2  ge 6) z_hhmwk= z_hhmwk+ hhlmwk. 
 IF (hhz_i_v2  ge 6) z_hhmwk= z_hhmwk+ hhzmwk. 
EXECUTE. 
VARIABLE LABELS l_hhmwk 'Household activity: light intensity minutes per week (new)'. 
VARIABLE LABELS m_hhmwk 'Household activity: moderate intensity minutes per week (new)'. 
VARIABLE LABELS z_hhmwk 'Household activity: vigorous intensity minutes per week (new)'. 
EXECUTE. 
COMPUTE hhmis_v2=0. 
IF (sysmis (hhmwk)) hhmis_v2=1. 
EXECUTE. 
VARIABLE LABELS hhmis_v2 'house hold activities, missing, updated'. 
EXECUTE. 
RECODE hhmis_v2 (1=sysmis) INTO l_hhmwk.  
RECODE hhmis_v2 (1=sysmis) INTO m_hhmwk.  
RECODE hhmis_v2 (1=sysmis) INTO z_hhmwk.  
EXECUTE. 
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* checking for household PA *.
COMPUTE total_hhmwk=l_hhmwk + m_hhmwk + z_hhmwk. 
EXECUTE. 
DESCRIPTIVES VARIABLES=hhmwk total_hhmwk 
  /STATISTICS=MEAN STDDEV MIN MAX. 
*Note: mean of wwmwk total_wwmwk variables should be same*.
DELETE VARIABLES total_hhmwk. 
EXECUTE. 

* 3.1.4. Occupational PA *.
COMPUTE l_werkmwk= 0. 
 IF (werkl_i_v2 lt 3) l_werkmwk= l_werkmwk+ werklmwk. 
 IF (werkz_i_v2 lt 3) l_werkmwk= l_werkmwk+ werkzmwk. 
EXECUTE.  
COMPUTE m_werkmwk= 0. 
 IF (werkl_i_v2 ge 3 AND werkl_i_v2 lt 6) m_werkmwk= m_werkmwk+ werklmwk. 
 IF (werkz_i_v2 ge 3 AND werkz_i_v2 lt 6) m_werkmwk= m_werkmwk+ werkzmwk. 
EXECUTE.  
COMPUTE z_werkmwk= 0. 
 IF (werkl_i ge 6) z_werkmwk= z_werkmwk+ werklmwk. 
 IF (werkz_i ge 6) z_werkmwk= z_werkmwk+ werkzmwk. 
EXECUTE. 
VARIABLE LABELS l_werkmwk 'Work activity: light intensity minutes per week (new)'. 
VARIABLE LABELS m_werkmwk 'Work activity: moderate intensity minutes per week (new)'. 
VARIABLE LABELS z_werkmwk 'Work activity: vigorous intensity minutes per week (new)'. 
EXECUTE. 
COMPUTE werkmis_v2=0. 
IF (sysmis (werkmwk)) werkmis_v2=1. 
EXECUTE. 
VARIABLE LABELS werkmis_v2 'Work activities, missing, updated'. 
EXECUTE. 
RECODE werkmis_v2 (1=sysmis) INTO l_werkmwk.  
RECODE werkmis_v2 (1=sysmis) INTO m_werkmwk.  
RECODE werkmis_v2 (1=sysmis) INTO z_werkmwk.  
EXECUTE. 
* checking for occupational PA *.
COMPUTE total_werkmwk=l_werkmwk + m_werkmwk + z_werkmwk. 
EXECUTE. 
DESCRIPTIVES VARIABLES=werkmwk total_werkmwk  
  /STATISTICS=MEAN STDDEV MIN MAX. 
*Note: mean of wwmwk total_wwmwk variables should be same*.
DELETE VARIABLES total_werkmwk. 
EXECUTE. 

** 3.2. Categorizations for total physical activities **.  
COMPUTE l_mwk_v2 = l_wwmwk + l_vtmwk + l_hhmwk + l_werkmwk. 
COMPUTE m_mwk_v2 = m_wwmwk + m_vtmwk + m_hhmwk + m_werkmwk. 
COMPUTE z_mwk_v2 = z_wwmwk + z_vtmwk + z_hhmwk + z_werkmwk. 
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VARIABLE LABELS l_mwk_v2 'Light intensity, minutes per week, updated'. 
VARIABLE LABELS m_mwk_v2 'Moderate intensity, minutes per week, updated'. 
VARIABLE LABELS z_mwk_v2 'Vigorous intensity, minutes per week, updated'. 
EXECUTE. 
* checking *.
COMPUTE total_mwk=l_mwk_v2 + m_mwk_v2 + z_mwk_v2. 
EXECUTE. 
DESCRIPTIVES VARIABLES=total_mwk totmwk  
 /STATISTICS=MEAN STDDEV MIN MAX. 

*Note: mean of total_mwk totmwk variables should be same*.
DELETE VARIABLES total_mwk. 
EXECUTE. 

** 3.3. Calculation of moderate-to-vigorous physical activities **.  
COMPUTE mz_wwmwk= m_wwmwk + z_wwmwk.  
COMPUTE mz_vtmwk= m_vtmwk + z_vtmwk.  
COMPUTE mz_hhmwk= m_hhmwk + z_hhmwk.  
COMPUTE mz_werkmwk= m_werkmwk + z_werkmwk.  
COMPUTE mz_mwk= m_mwk_v2 + z_mwk_v2. 
COMPUTE mz_cltpa_mwk= mz_wwmwk + mz_vtmwk. 
VARIABLE LABELS mz_wwmwk 'Commuting: moderate-to-vigorous minutes per week (new)'. 
VARIABLE LABELS mz_vtmwk 'Leisure time: moderate-to-vigorous minutes per week (new)'. 
VARIABLE LABELS mz_hhmwk 'Household activity: moderate-to-vigorous minutes per week (new)'. 
VARIABLE LABELS mz_werkmwk 'Work activity: moderate-to-vigorous minutes per week (new)'. 
VARIABLE LABELS mz_mwk 'Total: moderate-to-vigorous minutes per week (new)'. 
VARIABLE LABELS mz_cltpa_mwk 'Commuting-and-leisure-time: moderate-to-vigorous minutes per 
week (new)'. 
EXECUTE. 
* checking *.
COMPUTE total_mz_mwk=mz_wwmwk + mz_vtmwk + mz_hhmwk + mz_werkmwk. 
EXECUTE. 
DESCRIPTIVES VARIABLES=total_mz_mwk mz_mwk  
  /STATISTICS=MEAN STDDEV MIN MAX. 
*Note: mean of total_mz_mwk mz_mwk variables should be same*.
DELETE VARIABLES total_mz_mwk. 
EXECUTE. 

*** 4. Re-calculation of activity score and its re-categorization ***. 

COMPUTE wwlscor_v2  = wwlmwk  * wwl_i_v2. 
COMPUTE wwfscor_v2  = wwfmwk  * wwf_i_v2. 
COMPUTE wanscor_v2  = wanmwk  * wan_i_v2. 
COMPUTE fietscor_v2 = fietmwk * fiet_i_v2. 
COMPUTE tuinscor_v2 = tuinmwk * tuin_i_v2. 
COMPUTE klusscor_v2 = klusmwk * klus_i_v2. 
COMPUTE sp1scor_v2  = sp1mwk  * sp1_i_v2. 
COMPUTE sp2scor_v2  = sp2mwk  * sp2_i_v2. 
COMPUTE sp3scor_v2  = sp3mwk  * sp3_i_v2. 
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COMPUTE sp4scor_v2  = sp4mwk  * sp4_i_v2. 
COMPUTE hhlscor_v2  = hhlmwk  * hhl_i_v2. 
COMPUTE hhzscor_v2  = hhzmwk  * hhz_i_v2. 
COMPUTE werklscor_v2 = werklmwk * werkl_i_v2. 
COMPUTE werkzscor_v2 = werkzmwk * werkz_i_v2. 
EXECUTE. 
COMPUTE wwscor_v2= wwlscor_v2 + wwfscor_v2. 
COMPUTE vtscor_v2= wanscor_v2 + fietscor_v2 + tuinscor_v2 + klusscor_v2 +sp1scor_v2 
+sp3scor_v2 +sp3scor_v2 +sp4scor_v2. 
COMPUTE hhscor_v2= hhlscor_v2 + hhzscor_v2. 
COMPUTE werkscor_v2= werklscor_v2 + werkzscor_v2. 

VARIABLE LABELS wwlscor_v2 'Commuting: walking, activity score, updated'. 
VARIABLE LABELS wwlscor_v2 'Commuting: Cycling, activity score, updated'. 
VARIABLE LABELS wwscor_v2 'Commuting: activity score, updated'. 
VARIABLE LABELS wanscor_v2 'Leisure time: walking, activity score, updated'. 
VARIABLE LABELS fietscor_v2 'Leisure time: Cycling, activity score, updated'. 
VARIABLE LABELS tuinscor_v2 'Leisure time: gardening, activity score, updated'. 
VARIABLE LABELS klusscor_v2 'Leisure time: odd jobs, activity score, updated'. 
VARIABLE LABELS sp1scor_v2 'Leisure time: sport1, activity score, updated'. 
VARIABLE LABELS sp2scor_v2 'Leisure time: sport2, activity score, updated'. 
VARIABLE LABELS sp3scor_v2 'Leisure time: sport3, activity score, updated'. 
VARIABLE LABELS sp4scor_v2 'Leisure time: sport4, activity score, updated'. 
VARIABLE LABELS vtscor_v2 'Leisure time: activity score, updated'. 
VARIABLE LABELS hhlscor_v2 'Llight/moderate household activities: activity score, updated'. 
VARIABLE LABELS hhzscor_v2 'Vigorous household activities: activity score, updated'. 
VARIABLE LABELS hhscor_v2 'Household activities: activity score, updated'. 
VARIABLE LABELS werklscor_v2 'Llight/moderate work: activity score, updated'. 
VARIABLE LABELS werkzscor_v2 'Vigorous work: activity score, updated'. 
VARIABLE LABELS werkscor_v2 'Work: activity score, updated'. 
EXECUTE. 

RECODE wwmis_v2 (1=sysmis) INTO wwscor_v2. 
RECODE vtmis_v2 (1=sysmis) INTO vtscor_v2. 
RECODE hhmis_v2 (1=sysmis) INTO hhscor_v2. 
RECODE werkmis_v2 (1=sysmis) INTO werkscor_v2. 
EXECUTE.  

COMPUTE l_scor_v2  = 0. 
 IF (wwl_i_v2   lt 3) l_scor_v2  = l_scor_v2  + wwlscor_v2. 
 IF (wwf_i_v2   lt 3) l_scor_v2  = l_scor_v2  + wwfscor_v2. 
 IF (wan_i_v2   lt 3) l_scor_v2  = l_scor_v2  + wanscor_v2. 
 IF (fiet_i_v2  lt 3) l_scor_v2  = l_scor_v2  + fietscor_v2. 
 IF (tuin_i_v2  lt 3) l_scor_v2  = l_scor_v2  + tuinscor_v2. 
 IF (klus_i_v2  lt 3) l_scor_v2  = l_scor_v2  + klusscor_v2. 
 IF (sp1_i_v2   lt 3) l_scor_v2  = l_scor_v2  + sp1scor_v2. 
 IF (sp2_i_v2   lt 3) l_scor_v2  = l_scor_v2  + sp2scor_v2. 
 IF (sp3_i_v2   lt 3) l_scor_v2  = l_scor_v2  + sp3scor_v2. 
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 IF (sp4_i_v2   lt 3) l_scor_v2  = l_scor_v2  + sp4scor_v2. 
 IF (hhl_i_v2   lt 3) l_scor_v2  = l_scor_v2  + hhlscor_v2. 
 IF (hhz_i_v2   lt 3) l_scor_v2  = l_scor_v2  + hhzscor_v2. 
 IF (werkl_i_v2 lt 3) l_scor_v2  = l_scor_v2  + werklscor_v2. 
 IF (werkz_i_v2 lt 3) l_scor_v2  = l_scor_v2  + werkzscor_v2. 
EXECUTE. 
COMPUTE m_scor_v2  = 0. 
 IF (wwl_i_v2   ge 3 AND wwl_i_v2    lt 6) m_scor_v2  = m_scor_v2  + wwlscor_v2. 
 IF (wwf_i_v2   ge 3 AND wwf_i_v2   lt 6) m_scor_v2  = m_scor_v2  + wwfscor_v2. 
 IF (wan_i_v2   ge 3 AND wan_i_v2   lt 6) m_scor_v2  = m_scor_v2  + wanscor_v2. 
 IF (fiet_i_v2  ge 3 AND fiet_i_v2  lt 6) m_scor_v2  = m_scor_v2  + fietscor_v2. 
 IF (tuin_i_v2  ge 3 AND tuin_i_v2  lt 6) m_scor_v2  = m_scor_v2  + tuinscor_v2. 
 IF (klus_i_v2  ge 3 AND klus_i_v2  lt 6) m_scor_v2  = m_scor_v2  + klusscor_v2. 
 IF (sp1_i_v2   ge 3 AND sp1_i_v2    lt 6) m_scor_v2  = m_scor_v2  + sp1scor_v2. 
 IF (sp2_i_v2   ge 3 AND sp2_i_v2    lt 6) m_scor_v2  = m_scor_v2  + sp2scor_v2. 
 IF (sp3_i_v2   ge 3 AND sp3_i_v2    lt 6) m_scor_v2  = m_scor_v2  + sp3scor_v2. 
 IF (sp4_i_v2   ge 3 AND sp4_i_v2    lt 6) m_scor_v2  = m_scor_v2  + sp4scor_v2. 
 IF (hhl_i_v2   ge 3 AND hhl_i_v2   lt 6) m_scor_v2  = m_scor_v2  + hhlscor_v2. 
 IF (hhz_i_v2   ge 3 AND hhz_i_v2   lt 6) m_scor_v2  = m_scor_v2  + hhzscor_v2. 
 IF (werkl_i_v2 ge 3 AND werkl_i_v2 lt 6) m_scor_v2  = m_scor_v2  + werklscor_v2. 
 IF (werkz_i_v2 ge 3 AND werkz_i_v2 lt 6) m_scor_v2  = m_scor_v2  + werkzscor_v2. 
EXECUTE.  
COMPUTE z_scor_v2  = 0. 
 IF (wwl_i_v2   ge 6) z_scor_v2  = z_scor_v2  + wwlscor_v2. 
 IF (wwf_i_v2   ge 6) z_scor_v2  = z_scor_v2  + wwfscor_v2. 
 IF (wan_i_v2   ge 6) z_scor_v2  = z_scor_v2  + wanscor_v2. 
 IF (fiet_i_v2  ge 6) z_scor_v2  = z_scor_v2  + fietscor_v2. 
 IF (tuin_i_v2  ge 6) z_scor_v2  = z_scor_v2  + tuinscor_v2. 
 IF (klus_i_v2  ge 6) z_scor_v2  = z_scor_v2  + klusscor_v2. 
 IF (sp1_i_v2   ge 6) z_scor_v2  = z_scor_v2  + sp1scor_v2. 
 IF (sp2_i_v2   ge 6) z_scor_v2  = z_scor_v2  + sp2scor_v2. 
 IF (sp3_i_v2   ge 6) z_scor_v2  = z_scor_v2  + sp3scor_v2. 
 IF (sp4_i_v2   ge 6) z_scor_v2  = z_scor_v2  + sp4scor_v2. 
 IF (hhl_i_v2   ge 6) z_scor_v2  = z_scor_v2  + hhlscor_v2. 
 IF (hhz_i_v2   ge 6) z_scor_v2  = z_scor_v2  + hhzscor_v2. 
 IF (werkl_i_v2 ge 6) z_scor_v2  = z_scor_v2  + werklscor_v2. 
 IF (werkz_i_v2 ge 6) z_scor_v2  = z_scor_v2  + werkzscor_v2. 
EXECUTE. 
RECODE l_mwk_v2 (SYSMIS=sysmis) INTO l_scor_v2. 
RECODE m_mwk_v2 (SYSMIS=sysmis) INTO m_scor_v2. 
RECODE z_mwk_v2 (SYSMIS=sysmis) INTO z_scor_v2. 
COMPUTE totscor_v2 = l_scor_v2 + m_scor_v2 + z_scor_v2.  
EXECUTE. 
VARIABLE LABELS l_scor_v2 'Light intensity, activity score, updated'. 
VARIABLE LABELS m_scor_v2 'Moderate intensity, activity score, updated'. 
VARIABLE LABELS z_scor_v2 'Vigorous intensity, activity score, updated'. 
VARIABLE LABELS totscor_v2 'Total, activity score, updated'. 
EXECUTE. 
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MAIN FINDINGS AND INTERPRETATIONS 

Many epidemiological studies have demonstrated that there is a relationship between 
physical activity (PA) and cardiometabolic risk. However, as noted in the general 
introduction to this thesis (chapter 1), knowledge on the benefits of PA on 
cardiometabolic health is limited, especially when domain-specific physical activities 
are taken into consideration. The main findings of this thesis are discussed below. 

Domain-specific physical activities and cardiometabolic health 
Non-occupational daily-life physical activities: In this thesis, non-occupational 
moderate to vigorous physical activity (MVPA) included activities in the commuting 
and leisure domains. Previous studies mostly focused only on PA conducted by 
individuals during their leisure time [1–3]. In line with these studies, we found that 
MVPA performed during leisure time is a major modifiable factor that contributes to 
the prevention of cardiometabolic risk factors (chapters 2–5). 

For the domain of commuting, we found significant associations of higher MVPA 
with lower cardiometabolic risk factors (chapters 2–5). Accordingly, active 
commuting may be one way of attaining the recommended level of MVPA required to 
produce a potential health benefit. However, not all previous studies found that 
commuting-related PA has beneficial effects on health. For example, Treff et al. 
found no association for males, and a positive association was found for females, 
meaning that more commuting PA was related to higher risk of hypertension [4]. The 
inconsistency in these findings may be partly attributable to the ways in which PA 
was defined in these studies. Most studies did not distinguish between the levels of 
intensity of the commuting activity. For example,  a large proportion of the 
commuting PA comprised of light-intensity activities, such as easy walking, and not 
of commuting activities at moderate-to-vigorous intensity. For example, Treff et al. 
investigated the association of physical activity with development of hypertension, 
but included many non-cycling commuters in their assessment of activities in the 
commuting domain (91.8% and 98.8% of male and female participants, respectively) 
[4]. In other words, they mostly assessed the risk of hypertension in relation to 
walking. In this thesis, we focused only on MVPA, such as cycling or intense or brisk 
walking  during commuting (chapters 2–5). The finding that the intensity level of 
active commuting matters is supported by studies that compared the types of 
commuting. For example, Milett et al., who compared risk ratios for modes of travel 
to work, including walking, cycling, and private and public transport, found that only 
cycling was significantly associated with lower odds of hypertension after adjusting 
for various confounders [5]. A large-scale study on the UK Biobank, entailing a 
sample of 72,999 men and 83,667 women, found that active commuting was 
significantly associated with healthier body weights, with commuters who cycled 
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attaining the most benefit from PA [6]. Even commuters who mixed public 
transportation with active commuting had significantly lower body fat percentages 
compared with only public transporters.  

Further, the use of a combination of leisure-time and commuting MVPAs in risk 
assessments appears to be more meaningful compared with the conduct of separate 
assessments of individual domains. For example, concerning our examination of the 
association between MVPA and blood pressure (chapter 3), we found that the 
combined effect of commuting and leisure-time MVPA was stronger than the 
separate effects of either commuting or leisure-time MVPA alone (Figure 1).  

Figure 1. Associations of domain-specific MVPAs with systolic blood pressure (see 
also chapter 3).  
Notes: CPA, commuting physical activity; LTPA, leisure-time physical activity; CLTPA, commuting and 
leisure-time physical activity; T, tertile. T0, T1, T2, and T3 respectively denote ‘inactive’, ‘not very 
active’, ‘active’, and ‘very active’. 

Therefore, not only PA during leisure time but also increased MVPA in the 
commuting domain may be an option for improving the management of 
cardiometabolic risk factors. 

Occupational daily-life physical activity: While the association between MVPA 
and health appears to be clear for the leisure-time and commuting domains, there is 
a strong degree of uncertainty relating to the occupational domain. Physical strain 
experienced within occupations varies significantly, and it is not known whether this 
strain is beneficial for individuals’ health. At the same time, it has been suggested 
that sedentariness is the ‘new smoking’, thus indicating that sedentary occupations 
are not healthy. In their landmark study, Morris et al. (1953) found that there was a 
significant difference in the cardiovascular risk of ‘double decker bus drivers’ versus 
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‘conductors who repeatedly walk up and down the bus stairs frequently’, thereby 
indicating that a physically active occupation is healthier than a sedentary one [7].  

Nevertheless, there is a growing body of evidence indicating that occupational PA 
may have no clear benefit on health. A meta-analysis based on prospective studies 
reported that occupational PA does not reduce the risk of hypertension[8]. Moreover, 
Anderson et al. reported that work‐time activity had no effect on population blood 
pressure [9], while Lund et al. identified a longitudinal association between heavy 
occupational activity and sickness absence [10]. Furthermore, the results of studies 
conducted on the association between occupational PA and body weight gain are 
mixed. Some, studies found a significant inverse association between occupational 
PA and body weight, fat mass, and waist circumference [11-15]. However, the 
findings of other studies differed [16-19]. In this thesis, we have shown that 
occupational MVPA offers no clear health benefits (chapters 2–5). Specifically, in 
chapter 2, we demonstrated that a higher level of occupational PA did not appear 
to be inversely associated with a lower risk of non-alcoholic fatty liver disease 
(NAFLD). Our assessment of the association between each of the domain-specific 
physical activities and blood pressure indicated that occupational MVPA was not 
associated with lower blood pressure and reduced risk of hypertension (chapter 3). 
The same was observed for 4-year changes in body weight (chapter 4). Even in the 
case of RTRs, where being at work may be indicative of relatively good health, 
individuals who were much more active in terms of their occupational PA may not be 
at a lower risk for all-cause and CV-mortality (chapter 5).  

The mechanism that evidently prevents occupational PA from generating health 
benefits is unclear. Biological explanations may apply the type of activity (e.g., heavy 
lifting or pushing and extreme bending or twisting of the neck or back in the absence 
of longer periods of rest for recovery) [10]. Astrand et al. found an association 
between work-based activities (e.g., working with the hands above the shoulder 
level) and increased blood pressure [20]. The types of occupations entailing high 
occupational MVPA that were examined in this thesis include ‘metal, machinery, and 
related trade work’, ‘handicraft and printing work’, and ‘other mechanics and repairs’ 
(based on codes from International Standard Classification of Occupations - ISCO-08, 
chapters 2–5). There is always the possibility of (residual) confounding by factors 
such as sex, socioeconomic status, work-related stress, unhealthy and dusty 
environments, inflammation, and body weight. We partly adjusted for these 
confounders by including age, sex, and education (chapters 2–5) in the studies 
conducted for this thesis. The associations of occupational MVPA with 
cardiometabolic risk factors remained maternally unchanged after making the above 
adjustments. Moreover, a previous study found that the effect of occupational PA 
was sex-dependent, revealing a positive association between higher occupational PA 
and all-cause mortality as well as myocardial infarction in men but not in women 
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(test for interaction: P=0.02) [21]. Therefore, all associations tested in this thesis 
were considered separately for men and women. We also performed separate 
analyses to examine the association between MVPA and changes in body weight for 
men and women (chapter 4). However, no clear association of occupational MVPA 
with body weight cardiometabolic risk factors was found either for men or women. It 
has even been suggested that confounding may occur when overweight participants 
who may be both inactive and have higher risks for cardiometabolic diseases are 
compelled to accept a physically demanding job. For such individuals, the barriers 
against exercise may only be overcome in the context of occupational activities 
undertaken for financial reasons, thus generating an association between high 
occupational MVPA and a high cardiometabolic risk. To determine whether this was a 
likely explanation, we performed a stratified analysis for BMI, as discussed in 
chapter 3, and adjusted the main analyses for BMI. The associations between 
occupational PA and systolic and diastolic blood pressure were inconsistent within 
and outside of BMI groups. We did not find any health benefits resulting from 
occupational MVPA on hypertension in any BMI group.  

Taken together, these results suggest that it is important to be aware that 
occupational MVPA should not be considered as a substitute for leisure-time MVPA. 

Total versus non-occupational MVPA: In light of the finding that occupational 
MVPA is not related to a reduction in cardiometabolic risks, we predicted that total PA 
would also show no added advantage over non-occupational PA in terms of the 
resulting benefits. Indeed this was the case. For instance, for the associations of 
MVPA with NAFLD (chapter 2) and blood pressure (chapter 3), dose-dependency 
disappeared at more active levels when occupational MVPA was incorporated into the 
categories of total MVPA (Figure 2).  

Figure 2. The association between different MVPA categories and the risk of having 
NAFLD (2A; see also chapter 2) and systolic BP (2B; see also chapter 3).  
Notes: MVPA, moderate to vigorous activity; Q, quintile; T, tertile, SBP, systolic blood pressure.  



8

General discussion

187
187 

The patterns (disappearance of dose-dependency) remained after we adjusted for 
potential confounders such as age, sex, education, and other lifestyle factors. 
Conversely, when non-occupational MVPA categories, excluding occupational MVPA, 
were used, PA was associated dose dependently with the NAFLD risk and with blood 
pressure (Figure 2). In detail, the proportion of occupational MVPA exceeded that of 
non-occupational MVPA for the group with the highest total MVPA (MVPA-Q5) 
(Figure 3).  

Finally, in clinical guidelines on cardiometabolic health, differentiation of MVPA 
into non-occupational or occupational may be an important attribute, of similar 
relevance as intensity and duration of PA. 

Figure 3. A combination of non-occupational and occupational MVPA for the total 
MVPA category.  
Note: MVPA, moderate to vigorous activity, Q, quintile.  

Therefore, occupational MVPA should not be included in an assessment of 
healthy daily-life PA, and the contribution of occupational MVPA to total MVPA is of 
particular concern when an accelerometer is used that does not distinguish between 
leisure-time and occupational MVPA .  

Physical activity and cardiometabolic health over the life course  
A primary aim of our overall study was to assess whether PA could be constitutive of 
a strategy for improving cardiometabolic risk management at any adult age. 
Therefore, we performed stratified analyses by age for each of the component 
studies discussed in this thesis (chapters 2–6). Our overall finding was that a 
physically active lifestyle may be important at any age but for different relevant 
health outcomes. PA was found to be inversely associated with the risk of NAFLD 
(chapter 2), hypertension (chapter 3), and cardiovascular mortality and diabetes 
(chapter 5) in individuals of all ages. However, as shown in Figure 4, the 
associations were stronger in older adults compared with younger adults. By 
contrast, the association of PA with lower body weight gain was stronger in younger 
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adults compared with older adults (chapter 4). From a life course perspective, all of 
these associations can be linked, given that a higher BMI in early adult life is 
considered a predictor of future cardiovascular diseases in later life [22-24].  MVPA’s 
role in preventing  body weight gain in younger adults could entail protective benefits 
of reducing their risks of developing  NAFLD, hypertension, and other 
cardiometabolic diseases in their later lives (Figure 4).  

Figure 4. Physical activity and cardiometabolic health over the life course and the 
primordial prevention by physical inactivity.  
Note: The colours of the shaded boxes indicate the different strengths of the associations of physical 
activity with the health outcomes mentioned in the boxes, according to age: light to dark blue indicates 
weak to strong association. NAFLD, non-alcoholic fatty liver disease. 

In literature, findings from a multi-ethnic cohort study indicated that a higher BMI at 
the ages of 20 and 40 years was independently associated with an increased risk of 
heart failure over a median follow-up period of 13 years [25]. Moreover, studies have 
found that the transition from normal weight to obesity is mostly observed between 
the ages of 20 and 40 years [26], thus confirming our own finding that most weight 
gain occurs at younger ages (Figure S3, chapter 4). Another finding within the 
literature is that being very active in early adult life may serve as a safeguard against 
becoming overweight or obese at a later age [26-28]. Therefore, we suggest that 
increased physical activity at younger ages could serve as an important primordial 
prevention strategy in late adult life. 

As noted above, the association between PA and cardiometabolic risk factors is 
stronger in older adults than in younger adults. These stronger associations could 
indicate that benefits for health are gained more easily when there is greater scope 
for improvement in health. Concurring with our results, the findings of several 
studies reveal that lifestyle interventions (including physical activity) have greater 
benefits for the oldest individuals [29-30]. Results from a diabetes prevention 
programme demonstrated an inverse relationship between age and incidence of 
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diabetes among participants [29]. In a Finnish study on diabetes prevention, the 
intervention was more effective for the oldest tertile of the population [30]. 
Furthermore, the effect sizes of physical activity were dose-dependent according to 
age in the studies that we conducted for this thesis. For instance, the effects of the 
lowest and highest levels of PA (tertile 1 vs. tertile 3) for each age group increased 
with a corresponding increase in age (test for interaction with p < 0.01 in Figure 5; 
see also chapter 3).  

Figure 5. The association between MVPA and systolic BP by age (see also chapter 
3, Figure 2A-C).  
Note: T0, inactive; T1, not very active; T2, active; and T3, very active.  

We suggest that while active individuals at any age are more likely to have a 
lower risk of cardiometabolic diseases, those who were very active at younger ages 
could benefit in their late adult life. 

Health backgrounds and the benefits of physical activity 
As noted above, although the benefits of PA could be gained more easily when there 
is more room for health improvements, which is the case in older adults, its effects 
could potentially be outweighed by other, more important clinical factors (e.g., 
comorbidities and the use of medication). Therefore, we attempted to test the effects 
of PA for specific groups such as RTRs (chapter 5). Our assessment results 
indicated that the associations of PA did not disappear in the context of this specific 
group with a chronic health condition. Rather, a higher MVPA was strongly associated 
with the development of long-term health outcomes such as post-transplant diabetes 
and CV mortality in younger and older adults, with this association being especially 
strong in older adults.  

Available data suggest that daily-life PA levels are lower among RTRs compared 
with these levels within the general population [31-32]. With increasing dialysis 
vintage, the level of PA  declines. By contrast, the level of PA increases after 
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transplantation (Figure 6). As indicated by the findings of one study, daily-life 
physical activity increased spontaneously by 30% one year after transplantation and 
remained materially unchanged over the next 5 years [32]. 

In our study, we assessed RTRs who were relatively stable post-transplantation 
(using a median value of 5.7 years post-transplantation). Daily-life PA levels 
remained lower in RTRs (38% of RTRs were inactive [‘No MVPA’]) compared with the 
PA level of the general population assessed in the Lifelines cohort study. Applying the 
same questionnaire (SQUASH), we found that 10% of Lifelines participants were 
‘inactive, with No MVPA’ (chapters 2–4). Nevertheless, the highest level of daily-life 
MVPA was associated with a lower risk of long-term health outcomes in RTRs 
(chapter 5). Therefore, we suggest that even for patients with longstanding 
diseases, PA could be of potential benefit.  

Although more research is needed in other patient groups, the findings for the 
group examined in this study indicate that active individuals, even those with a 
chronic health condition, are more likely to have a lower risk of cardiometabolic 
diseases. 

Figure 6. Changes in physical activity levels according to the level of severity of 
chronic kidney disease (CKD) and the transplantation status.  
Note: Reprinted with permission from: Zelle, Dorien M., et al. "Physical inactivity: a risk factor and target for 
intervention in renal care." Nature Reviews Nephrology.2017;13(3):152.

Sex considerations in cardiometabolic health  
A question raised in this thesis was whether sex-specific approaches are needed for 
managing cardiometabolic risks, given that men and women may differ in 
metabolism and lifestyle habits [18, 33-35]. Therefore, all associations tested in this 
thesis were considered separately for men and women. Levels of PA, especially 



8

General discussion

191
191 

vigorous PA, were significantly higher in men than in women. As revealed in 
chapters 2&3, there were no clear sex differences for associations of PA with 
NAFLD and hypertension. However, changes in the body weights of men and women 
after 4 years of follow-up were significantly different (chapter 4). The findings 
presented in this chapter reveal a stronger association of PA with the prevention of 
weight gain in women. Furthermore, some studies suggest that differences in body 
fat distribution in men and women may play different roles in relation to 
cardiometabolic risk [36-37]. Therefore, as discussed in chapter 6, we compared 
different obesity measures used in the prediction of CVD in men and women. Our 
results revealed sex-based differences relating to the improvement of CVD risk 
assessments. For women these assessments could be improved by including the total 
fat indication (BMI and BF% estimated through bioelectrical impedance analysis), 
whereas for men, they could be improved by including total fat and fat distribution 
(waist circumference). Notably, bioelectrical impedance analysis was found to be 
superior to BMI and waist circumference for predicting future CV events in both men 
and women. Among the different obesity measures, the BF percentage is the best 
measure for improving CV risk assessments in women. Thus, obesity-related and 
sex-specific approaches should be considered in combination to determine ways of 
improving cardiometabolic risk management. 

METHODOLOGICAL CONSIDERATIONS 

Cross-sectional design and the issue of reverse causation  
Several of the reported studies in this thesis are based on data extracted from the 
Lifelines cohort study.[38] Baseline Lifelines data were collected between 2006 and 
2013. At the time when we conducted our analyses (see chapters 2&3), only cross-
sectional data were available. In the cross-sectional analyses, both the exposure and 
outcome variables were simultaneously measured. Therefore, causality could not be 
determined and reverse causation could not be excluded. As discussed in chapter 2, 
there is not only available observational evidence regarding the association of 
physical activity with NAFLD. A number of randomized clinical trials have shown that 
exercise reduces the amount of liver fat content [39-41]. In this case, intervention 
studies could contribute to identifying the presence and direction of causality, 
whereas observational studies enable associations within large groups of people, 
covering a diverse range of age groups and/or specific subgroups within the general 
population to be investigated. Some insights on potential reverse causation could be 
obtained through the performance of sensitivity analyses. For example, as discussed 
in chapter 3, individuals with hypertension may have changed their behaviour 
relating to physical activities after being informed of the need to take 
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antihypertensive medication [42]. In the sensitivity analysis, a comparison of 
normotensive and hypertensive individuals revealed similar dose-dependent 
associations to those revealed by the main analysis. Moreover, the benefits of 
commuting and leisure time MVPA for hypertensive individuals remained virtually 
unchanged after adjusting for the use of antihypertensive medication.  

The longitudinal data analyses were discussed in chapter 5. As previously 
noted, the chance of reverse causation was reduced because respondents filled in 
the questionnaires before they became aware of their particular health conditions. 
Nevertheless, reverse causation could still occur, for example, in RTRs if some of 
these individuals are inactive because of severe illness. To reduce the risk of reverse 
causation, we included stable RTRs who had undergone transplantation more than 
one year previously. Moreover, we tested and compared the benefits of physical 
activity in different RTR subgroups, namely those with or without a job because 
working status can be indicative of health status within this specific population. 

Thus, combining insights derived from both observational and intervention 
studies and conducting sensitivity analyses to explore potential confounding and 
reverse causation all contribute to determining the role of PA in health. 

Sample selection related to inclusion and data missingness 
The Lifelines study is a population-based cohort and biobank comprising more than 
167,000 individuals living in the Northern Netherlands [38]. Lifelines participants 
were originally invited vis-à-vis by their general practitioners (49% of all 
participants). Subsequently, participants were invited by participating family 
members (38% of all participants), and 13% registered themselves digitally via mass 
media. These modes of recruitment may have led to selection bias, entailing 
potential differences between Lifelines participants and those individuals who did not 
participate. The proportion of female, middle-aged, and married individuals among 
Lifelines participants was higher than the proportion of such individuals within the 
general population in the Northern Netherlands. Nevertheless, after adjusting for 
differences in demographic composition, the Lifelines sample was found to be 
broadly representative of the general population of the Northern Netherlands in 
terms of socioeconomic characteristics, weight status, smoking, the prevalence of 
major chronic diseases, and general health. Accordingly, the risk of selection bias 
was low and risk estimates could be generalized to the general population [43]. 
Further confirmation that the selection bias may be lower in the Lifelines study than 
it is for cohorts in several other large-scale, population-based studies pertains to the 
comparatively higher response rate in the former study; about 25% of the individuals 
who were invited agreed to participate in Lifelines. By contrast, the response rates to 
the initial letter inviting individuals to participate in the population-based UK Biobank 
study was just 5.5% [44]. We believe that the risk of selection bias is low and that 
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risk estimates can be generalized to the general population, as discussed in 
chapters 2–4.  

In addition to the possibility of selection bias occurring during the Lifelines 
recruitment phase, bias may also have been introduced as a result of missing data. 
As noted in most of the chapters of this thesis, we performed complete case 
analyses. A large portion of the missing data, discussed in chapter 2, was missing 
completely at random for cost reasons. During the Lifelines baseline data collection 
process, when the researchers deemed that a sufficient number of samples had been 
measured (>50,000), some laboratory tests such as liver blood tests were omitted 
because of cost considerations. Our comparison of data obtained from participants, 
with and without the results of these tests, did not reveal significant differences 
relating to determinants, outcomes, and confounding variables. This finding confirms 
that the missingness did not have a large consequence for the findings of the study. 

As noted in chapter 6, we used data derived from the prevention of renal and 
vascular end-stage disease (PREVEND) study that was designed to investigate, 
prospectively, the natural course of albuminuria and its relation to renal and 
cardiovascular disease within a large cohort drawn from the general population [45]. 
For this purpose, the study sample comprised respondents with high levels of urinary 
albumin excretion (UAE) ≥ 10 mg/L. However, our analysis was based on data 
obtained from the first follow-up visit. The proportion of participants with UAE ≥ 10 
mg/L had decreased dramatically between the PREVEND baseline and first follow-up 
periods from 69.1% to 29.2%. Moreover, as previously reported, weights in the 
PREVEND baseline for UAE levels ≥ 10 mg/L and UAE levels < 10 mg/L were 0.35 
and 2.51, respectively, whereas the weights in the current analysis, were 0.84 and 
1.01 respectively [46]. Knowledge of how to correct for the specific inclusion of 
people with higher UAE levels is important as this knowledge can be applied in 
adjusting estimates, thereby improving generalizability.  

Subjective assessments of physical activity 
In the studies performed for this thesis, assessments of PA were based on a 
subjective measure, namely self-reported questionnaires. Compared with objective 
measures, such as accelerometers, PA questionnaires are subject to recall bias 
(measurement errors) [47]. Therefore, there is evidently a relatively high degree of 
measurement error entailed in these assessments through under- or over-reporting 
that is dependent on the intensity and type of PA [48]. Studies have shown that it is 
mostly light physical activities that are underestimated in the PA questionnaires, 
whereas more structured activities, such as sports activities, are easier to report. By 
contrast, objective measures of PA entail the counting of all PA minutes, which leads 
to the elimination of such biases. However, the objective method also has a 
limitation; objective measures of PA do not distinguish the different types and 
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domains of PA. MVPA data derived from accelerometry cannot be delineated into 
sports activities or heavy occupational work. Moreover, an objective method like 
accelerometry is often more demanding to implement in terms of costs and logistics. 
Therefore, PA questionnaires are preferred in large-scale cohort studies.  

A number of validation studies have tested the reproducibility of the SQUASH 
questionnaire, which was used in studies conducted for various categories of 
individuals, notably men and women, patients, and multi-ethnic Dutch individuals 
belonging to different age groups. The results revealed a lower recall bias. The test–
re-test reliability scores ranged between 0.6 and 0.8 in these validation studies [48-
50]. The absolute values of PA should be interpreted with caution because of under- 
or over-estimation. Therefore, we preferred to rank participants according to 
categories of PA in all of the analyses presented in this thesis, rather than to use 
absolute measures of PA, such as adherence to the guidelines. This procedure can be 
challenging for both objective and subjective PA assessment methods during post-
processing of data. Chapter 7 includes an extensive discussion on the limitations 
entailed in the calculation of total PA and MVPA from the data compiled using the 
SQUASH questionnaire. A final consideration is that because the underlying objective 
of this thesis was to test the effects of different types and domains of daily-life PA, 
the subjective assessments of PA using a questionnaire were deemed appropriate for 
our study design. 

Choosing suitable markers 
In chapter 2, we described how we used the fatty liver index (FLI) to identify 
NAFLD [51]. This index does not provide an absolute measure of the accumulation of 
fat in the liver as, for example, does ultrasound. Furthermore, studies have shown 
that the clinical utility of the FLI is limited, largely because it fails to distinguish 
correctly between moderate and severe steatosis [52-53]. After conducting an 
extensive literature search, we concluded that FLI may be the best screening tool for 
suspected NAFLD within the general population [54-55], The FLI evidences a linear 
trend across steatosis grades, as classified on the basis of histology revealed in liver 
biopsies [53]. The AUROC value for the FLI was 0.83, indicating good diagnostic 
accuracy relating to the presence or absence of NALFD. Given that the latter criterion 
was the most important outcome in our study, and given that we did not consider 
the severity of NALFD, the use of the FLI was deemed to be appropriate and is not 
likely to have caused serious classification bias in our study.  

Although an investigation of the association of PA with the progression of NAFLD 
to fibrosis was not our primary aim, in chapter 2 we explored the possibilities of 
applying non-invasive markers of fibrosis, such as FIB4, AST to Platelet Ratio Index 
(APRI), and the NAFLD-fibrosis score (NFS) [56-58]. The results for fibrosis markers 
were particularly unexpected and contradictory. The highest MVPA quintiles were 
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significantly associated with lower NFS values and were positively associated with 
FIB-4 and APRI values. This could be explained by positive associations of MVPA with 
individual parameters such as AST. Previous studies have shown that higher MVPA 
values correspond to higher AST values because exertion of skeletal muscles during 
exercise generates AST, introducing a positive association between MVPA and AST. 
An increase in the breakdown of muscle cells with increasing PA releases AST, 
prompting a higher concentration of AST [59]. Therefore, FIB-4 and APRI which 
include AST would not have been accurate tools for use within our study population, 
which was drawn from the general community. Suitable markers are needed, 
especially for liver fibrosis, which entails components that are not influenced by PA. 

CONCLUSIONS 

In light of the findings of this thesis, we can conclude that the potential benefits of 
daily-life MVPA are contingent on the non-occupational or occupational domains of 
PA. A higher level of non-occupational daily-life MVPA is associated with a lower risk 
of cardiometabolic factors, such as NAFLD, hypertension, and a gain in body weight. 
These associations have been found to be dose-dependent, indicating that more 
MVPA is more beneficial. Notably, commuting-related MVPA could offer health 
benefits in addition to those associated with leisure-time MVPA, or it could be 
considered an option for reaching the recommended level of MVPA. By contrast, a 
higher level of occupational MVPA is not directly associated with cardiometabolic risk 
factors in the same way that MVPA relating to leisure or commuting is. Therefore, 
occupational MVPA should not be included within an assessment of healthy daily-life 
PA. In addition, this aspect should be accounted for when interpreting results 
obtained using accelerometers. Further, occupational MVPA should be evaluated 
more closely to determine whether or not it can be considered beneficial. Our 
assessment of the sex-based aspects of cardiometabolic health indicated that the 
benefit of non-occupational MVPA on the prevention of obesity was more pronounced 
in women than in men. Moreover, we found that the selection of obesity measures 
for assessing women’s cardiovascular risks should be more specific, including, for 
example, the total body fat percentage determined as a result of conducting 
bioelectrical impedance analysis. A further finding of this thesis was that a physically 
active lifestyle may be important at any age, but that relevant health outcomes 
differ. PA may be beneficial for weight gain at younger ages and for NAFLD as well 
hypertension and cardiometabolic risks at later ages. Thus, from a life course 
perspective, associations of non-occupational MVPA with differential outcomes can be 
connected, indicating that younger adults’ engagement in increased PA could be an 
important strategy contributing to the primordial prevention of cardiometabolic 
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diseases in late life. Furthermore, we suggest that a physically active lifestyle at any 
adult age, even for individuals with chronic health conditions, could be beneficial for 
cardiometabolic health.  

FUTURE PERSPECTIVES 

Placing our results for domain-specific MVPA in perspective, we recommend the 
inclusion of PA at moderate to vigorous intensity during commuting (active 
transportation) in addition to leisure-time MVPA to increase the benefits of PA in 
cardiometabolic risk management. However, promoting active methods of 
transportation, such as cycling, may prove challenging in some countries. For 
instance, in Mongolia, cycling roads have not been developed, and the main 
commuting options entail the use of public transport or private cars. However, the 
Netherlands provides an exceptional model for demonstrating how commuting MVPA 
can benefit cardiometabolic health because cycling is a frequently used mode of 
transportation [60-61]. Active commuting through cycling could be improved in many 
countries, globally, which could help to reduce the global burden of cardiometabolic 
risk.  

In the future, experimental studies should test associations between occupational 
MVPA and cardiometabolic risk factors within a broader context that encompasses 
specific MVPA types and the contexts in which they are performed. These contexts 
may include, for example, dust or contamination, inflammation, work-related dietary 
habits and other lifestyle or cultural factors. The findings of such studies could enable 
the identification of a plausible mechanism of when it is not beneficial for health, and 
under what conditions it may actually benefit health. Existing knowledge as well as 
the findings of our studies presented in this thesis (chapters 2–5) indicate that 
occupational MVPA offers no clear benefits for cardiometabolic health. Thus, 
occupational MVPA should not be considered as a substitute for leisure-time MVPA. 
This should also potentially be specified in the clinical guidelines relating to 
cardiometabolic risk factors. Moreover, in future assessments of the health effects of 
MVPA levels, especially those entailing the use of an objective measure of PA (e.g., 
an accelerometer), occupational MVPA should be considered in the interpretation of 
the results of the analyses.  

In this thesis. we found quite consistently that more PA was related to better 
health. When it comes to body weight, physical activity is considered an important 
element in energy balance. However, for tackling of overweight, it has been doubted 
whether increasing PA alone can reduce body weight [62]. In chapter 4 we describe 
our finding that a higher MVPA was associated with less weight gain, independent of 
daily-caloric intake, diet quality, and other lifestyle factors, such as alcohol use and 
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smoking. The benefits of higher MVPA were found to be particularly pronounced for 
female adults. Furthermore, the benefit of MVPA was more pronounced in younger 
adults (20-40 years). At this age, the largest transition from normal weight to 
overweight or obesity was seen. Taken together, it may be worthwhile to further 
investigate a potential contrasting role of PA for prevention of weight gain and of PA 
for supporting weight loss. We  also found that use of more specific obesity 
measures for women in assessments of cardiovascular risk (chapter 6). Therefore, 
future studies should investigate whether sex-specific approaches are needed in the 
management of cardiometabolic risks. If this is the case, the priority should be on 
improving the prevention of obesity and the assessments of CVD risks.  

One of the research questions addressed in this thesis focused on the age 
dimension of cardiometabolic risk management. Specifically, we examined whether 
PA continued to be important for older individuals, particularly those with a chronic 
health condition. We found that the influence of PA with risk did not disappear in 
assessments of RTRs. Instead, a higher MVPA was most strongly associated with 
lower risk of development of poor long-term health outcomes in older adults within 
this group (see chapter 5). However, since this concerned only one study, more 
studies should be conducted to explore and confirm whether the benefits of PA 
remain independent of the health contexts of older individuals, for example, the 
number of chronic health conditions (comorbidities) that affect them. 
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SUMMARY 
 
The epidemic proportions of non-communicable diseases and health outcomes, such 
as type 2 diabetes, ischemic heart disease, heart attacks, and stroke, continue to be 
major health concern worldwide. One of the underlying reasons for this epidemic is 
the prevalence of obesity, which nearly tripled between 1975 and 2016. Obesity is 
considered a major cause of non-communicable diseases. Obesity, and abdominal 
obesity in particular, is associated with other cardiometabolic risk factors and with an 
underlying condition of insulin resistance. Lifestyle factors best known to influence 
non-communicable disease include diet, physical activity, and others. The health-
related roles of daily-life physical activities, which encompass a variety of domains 
(e.g., occupational and non-occupational), could differ. However, existing studies 
have mostly focused on leisure-time PA or on exercise and sports, but only a few 
studies have considered a wider spectrum of physical activities performed in daily life 
and results are mixed. Furthermore, it is not clear from the clinical guidelines 
whether an individual can reach the recommended level of moderate-to-vigorous 
physical activity (MVPA) through all of the different domains of daily-life activities, 
notably those related to leisure, commuting, and occupational MVPA. The main 
objective of this thesis is to examine the associations between daily life MVPA and 
several cardiometabolic risk factors. A particular focus of this investigation is on 
ascertaining whether these associations depend on domains of daily-life MVPA, 
whether potential health benefits may change over the life course, and to study this 
in the context of chronic diseases. 
 
Should “domain” of MVPA be taken into account in order to improve PA related 
cardiometabolic health care management? 

In this thesis, we found that the potential benefits of daily-life MVPA are 
contingent on the non-occupational or occupational domains of PA. A higher level of 
non-occupational daily-life MVPA is associated with a lower risk of cardiometabolic 
risk factors and adverse health outcomes, such as NAFLD (Chapter 2), hypertension 
(Chapter 3) and a gain in body weight (Chapter 4), as well as with long-term 
outcomes (post-transplant diabetes mellitus, cardiovascular, and all-cause mortality) 
in renal transplant recipients (Chapter 5). Notably, commuting MVPA could offer 
health benefits in addition to those associated with leisure-time MVPA (Chapters 
3&4), and thus it could be considered an option for reaching the recommended level 
of MVPA (Chapters 2-5). By contrast, a higher level of occupational MVPA is not 
directly associated with cardiometabolic risk factors in the same way that MVPA 
relating to leisure or commuting is (Chapters 2-4). Even in renal transplant 
recipients, where being at work may be indicative of a relatively good health, 
individuals who were much more active in terms of their occupational MVPA may not 
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obtain any additional benefits for health. Therefore, in clinical guidelines on 
cardiometabolic health, differentiation of MVPA into non-occupational or occupational 
may be an important attribute, of similar relevance as intensity and duration. 
Moreover, it is important to be aware that occupational MVPA should not be 
considered as a substitute for leisure-time MVPA. 
 
What are important considerations related to occupational MVPA?  

In light of the finding that occupational MVPA is not related to a reduction in 
cardiometabolic risk, we predicted that total MVPA would also show no added 
advantage over non-occupational MVPA in terms of the resulting benefits. Indeed 
this was the case.  For instance, for the associations of MVPA with NAFLD (chapter 2) 
and blood pressure (chapter 3), dose-dependency disappeared at more active levels 
when occupational MVPA was included to calculate total MVPA. Conversely, when 
non-occupational MVPA categories, excluding occupational MVPA, were used, PA was 
associated dose dependently with the NAFLD risk and with blood pressure. This 
aspect should also be accounted for when interpreting results obtained using 
accelerometers, which do not distinguish the different types and domains of PA. 
Finally, occupational MVPA should be critically assessed within an assessment of 
healthy daily-life PA. 

At the same time, it has been suggested that sedentariness is the ‘new smoking’, 
thus indicating that sedentary occupations are not healthy. In their landmark study, 
Morris et al. (1953) found that there was a significant difference in the cardiovascular 
risk of ‘double decker bus drivers’ versus ‘conductors who repeatedly walk up and 
down the bus stairs frequently’, thereby indicating that a physically active occupation 
is healthier than a sedentary one. Nevertheless, there is a growing body of evidence 
indicating that occupational MVPA may have no clear benefit on health. The 
mechanism that evidently prevents occupational PA from generating health benefits 
is unclear. Therefore, different types and intensities of occupational MVPA should be 
evaluated more closely and in more detail to determine whether or not it can be 
considered beneficial for health. 
 
Is moderate-to-vigorous commuting (active transportation) PA an option to improve 
the cardiometabolic health care management? 

In previous studies, whereas some have shown that active modes of 
transportation (active commuting) are beneficial for reducing cardiometabolic risks, 
others have not found this association. The inconsistency in these findings may be 
partly attributable to the ways in which PA was defined in these studies. Most studies 
did not distinguish between the levels of intensity of the commuting activity. In this 
thesis, we focused only on MVPA, such as cycling or intense or brisk walking during 
commuting and we found inverse associations of commuting MVPA with 
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cardiometabolic risk factors (chapters 2–5). Especially, the Netherlands provides an 
exceptional model for demonstrating how commuting MVPA can benefit 
cardiometabolic health because cycling is a frequently used mode of transportation. 
Accordingly, active commuting through cycling could be improved in many countries, 
globally, which could help to reduce the global burden of cardiometabolic risk. 
 
Is there a need to consider sex-specific approaches in the cardiometabolic health 
care management? 

A question raised in this thesis was whether sex-specific approaches are needed 
for managing cardiometabolic risk, given that men and women may differ in 
metabolism and lifestyle habits. Therefore, all associations tested in this thesis were 
considered separately for men and women. The findings presented in chapter 4 
reveal a stronger association of MVPA with the prevention of weight gain in women 
than in men. Moreover, we found that the selection of obesity measures for 
assessing women’s cardiovascular risk should be more specific, including, for 
example, the total body fat percentage determined as a result of conducting 
bioelectrical impedance analysis. Thus, obesity-related and sex-specific approaches 
should be considered in combination to determine ways of improving cardiometabolic 
risk management. 
 
Can benefits of MVPA be linked to health over the life course in age-related 
cardiometabolic health care management? 

MVPA was found to be inversely associated with the risk of NAFLD (chapter 2), 
hypertension (chapter 3), and cardiovascular mortality and diabetes (chapter 5) in 
individuals of all ages. However, the associations were stronger in older adults 
compared with younger adults. By contrast, the association of PA with lower body 
weight gain was stronger in younger adults compared with older adults (chapter 4). 
From a life course perspective, all of these associations can be linked, given that a 
higher BMI in early adult life is considered a predictor of future cardiovascular 
diseases in later life. Furthermore, in view of the concept of healthy aging, we found 
that older individuals who are able to remain active despite their age are also likely 
to remain relatively healthy (Chapters 2-5). Our overall conclusion is that a physically 
active lifestyle may be important at any age, but for different relevant health 
outcomes. 
 
Does the individuals’ health background matter for the benefit of MVPA?    

Although the benefits of PA could be gained more easily when there is more room 
for health improvements, which is the case in older adults, its effects could 
potentially be outweighed by other, more important clinical factors (e.g., 
comorbidities and the use of medication). Therefore, we attempted to study the 
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associations of PA with health in specific groups such as renal transplant recipients 
(chapter 5). Our results indicated that the associations of PA did not disappear in the 
context of this specific group with a chronic health condition. Rather, a higher MVPA 
was strongly associated with a lower risk to develop long-term adverse health 
outcomes such as post-transplant diabetes and CV mortality in younger and older 
adults, with this association being especially strong in older adult patients.  
 
Conclusions 

In light of the findings of this thesis, we can conclude that the potential benefits of 
daily-life MVPA differ with age, and also with non-occupational or occupational 
domains of PA. Furthermore, we suggest that a physically active lifestyle at any adult 
age, even for individuals with chronic health conditions, could be beneficial for 
cardiometabolic health. 
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Welvaartsziekten zoals diabetes type 2, ischemische hartziekte, hartaanvallen en 
beroertes nemen epidemische proporties aan en vormen wereldwijd een groot 
gezondheidsprobleem. Eén van de onderliggende redenen voor deze epidemie is de 
toename van obesitas. Het wereldwijde vóórkomen van obesitas is tussen 1975 en 
2016 bijna verdrievoudigd. Obesitas wordt beschouwd als een belangrijke oorzaak 
van welvaartsziekten. Obesitas, en met name een grote buikomvang, wordt 
geassocieerd met insuline resistentie en cardio-metabole risicofactoren. Obesitas 
hangt samen met leefstijlfactoren waarvan bekend is dat ze welvaartsziekten 
beïnvloeden.  Dit zijn onder andere voeding en lichamelijke activiteit. Lichamelijke 
activiteit is gerelateerd aan gezondheid, maar die relatie kan mogelijk verschillen per 
domein van lichamelijke activiteit (bijvoorbeeld beroepsmatig of niet-beroepsmatig). 
Eerdere studies hebben zich vooral gericht op lichaamsbeweging in de vrije tijd of op 
sport, maar slechts enkele onderzoeken hebben een breder spectrum van 
lichamelijke activiteiten in het dagelijks leven bestudeerd, bovendien zonder 
consistente bevindingen voort te brengen. Verder is het niet duidelijk uit de 
beweegrichtlijnen of een persoon het aanbevolen niveau van matige tot intensieve 
lichamelijke activiteit kan bereiken via alle verschillende domeinen van dagelijkse 
activiteiten, met name die met betrekking tot vrije tijd, woon-werkverkeer en 
beroepsmatige arbeid. Het hoofddoel van dit proefschrift is om de associaties tussen 
lichamelijke activiteit in de verschillende domeinen te relateren aan meerdere cardio-
metabole risicofactoren. Een bijzondere focus ligt op het vaststellen of deze 
associaties afhankelijk zijn van domeinen van het dagelijkse leven, of potentiële 
gezondheidsvoordelen tijdens de levensloop kunnen veranderen, en om dit te 
bestuderen in de context van chronische ziekten. 

 
Moeten we rekening houden met het 'domein' van lichamelijke activiteit om de 
cardio-metabole gezondheidswinst te behalen? 

In dit proefschrift hebben we vastgesteld dat de potentiële voordelen van matig-
tot-intensieve lichamelijke activiteit in het dagelijkse leven afhangen van de 
domeinen van lichamelijke activiteit, hetzij beroepsmatig of niet- beroepsmatig. Een 
hogere mate van niet-beroepsmatig matig-intensief bewegen wordt geassocieerd 
met een lager risico op cardio-metabole risicofactoren. Het gaat dan om een lagere 
kans op een vette lever (hoofdstuk 2) of hypertensie (hoofdstuk 3) en minder 
toename van het lichaamsgewicht (hoofdstuk 4). Ook bij mensen met een 
niertransplantatie was een hogere mate van matig-intensief bewegen gerelateerd 
aan betere lange termijn uitkomsten, zoals minder kans op post-transplantatie 
diabetes mellitus en vroegtijdige (cardiovasculaire) sterfte (hoofdstuk 5). 
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Naast bewegen in de vrije tijd kan met name matig-intensief woon-werkverkeer 
gezondheidsvoordelen bieden (hoofdstukken 3 en 4). Daarmee kan het worden 
beschouwd als een optie om het aanbevolen niveau van matig-intensief bewegen te 
halen (hoofdstukken 2-5). Meer matig-intensief bewegen in een beroepsmatige 
context is daarentegen niet direct geassocieerd met minder kans op cardio-metabole 
risicofactoren (hoofdstukken 2-4). Zelfs bij mensen met een niertransplantatie, waar 
werken een indicatie kan zijn van een relatief goede gezondheid, hadden personen 
die beroepsmatig veel actiever waren geen betere gezondheid. Daarom is het in de 
beweegrichtlijnen mogelijk van belang om onderscheid te maken tussen matig-
intensief bewegen in de vrije tijd, voor woon-werkverkeer of voor werk. Zo 
beschouwd lijkt matig-intensief bewegen op het werk geen vervanging voor matig-
intensief bewegen voor woon-werkverkeer of in de vrije tijd. 

 
Wat zijn belangrijke overwegingen met betrekking tot werkgerelateerde matig-
intensieve lichamelijke activiteit? 

Aangezien werkgerelateerd bewegen niet samenhangt met een lager cardio-
metabool risico, stellen we voor dat het opnemen van werkgerelateerd bewegen bij 
totaal matig-intensief bewegen geen bijkomend voordeel heeft ten opzichte van 
bewegen op basis van vrije tijd en woon-werkverkeer alleen. Dit was inderdaad 
zichtbaar in de data. Bij de verbanden tussen bewegen en vette lever (hoofdstuk 2) 
en bloeddruk (hoofdstuk 3) verdween bijvoorbeeld de dosisafhankelijkheid als 
werkgerelateerd bewegen werd meegeteld bij de totale hoeveelheid dagelijkse 
activiteit. Omgekeerd, als werkgerelateerd bewegen niet werd meegeteld, was er 
een duidelijke dosis-respons-relatie tussen de totale hoeveelheid matig-intensief 
bewegen en het risico op een vette lever en met de bloeddruk. Dit heeft mogelijk 
implicaties voor studies die bewegen meten met versnellingsmeters. Bij het 
interpreteren van resultaten die zijn verkregen met behulp van versnellingsmeters 
moet hier mogelijk rekening mee worden gehouden, omdat uit de accelerometrie 
data niet makkelijk kan worden afgeleid of het matig-intensief bewegen 
werkgerelateerd was of niet. Door vermenging met werkgerelateerde inspanning 
wordt het effect van bewegen in de vrije tijd mogelijk gemaskeerd.  

Naast zorgen om werkgerelateerd bewegen is zitten wel gesuggereerd als het 
‘nieuwe roken’, wat aangeeft dat ook werkgerelateerde zittende bezigheden niet 
gezond zijn. Een bekende studie van Morris et al. uit 1953 liet zien dat er een 
significant verschil was in het cardiovasculaire risico van ‘buschauffeurs van 
dubbeldeksbussen’ versus ‘conducteurs die herhaaldelijk de bustrap op en af lopen’, 
wat aangeeft dat een fysiek actieve bezigheid gezonder is dan een zittende. 
Desondanks is er een groeiend aantal aanwijzingen dat matig-intensieve activiteiten 
op het werk geen duidelijk gezondheidsvoordeel opleveren. Het is niet duidelijk of de 
soort lichamelijke activiteit die bij het werk hoort niet gunstig is, of dat er andere 
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omstandigheden zijn op het werk die een eventueel gezondheidsvoordeel 
tegenwerken. Daarom moeten verschillende soorten en intensiteiten van 
werkgerelateerd bewegen nader en gedetailleerder worden geëvalueerd om te 
bepalen of en wanneer het als gunstig of ongunstig voor de gezondheid kan worden 
beschouwd. 

 
Is matig-intensief bewegen in het kader van woon-werkverkeer een goede optie om 
het cardio-metabole risico te verminderen? 

In eerdere studies hebben sommigen aangetoond dat actieve vervoerswijzen 
(actief woon-werkverkeer) gunstig zijn voor het verminderen van cardiometabolische 
risico's, terwijl anderen deze associatie niet hebben gevonden. Deze inconsistentie 
kan gedeeltelijk te wijten zijn aan de manier waarop bewegen in deze studies werd 
gedefinieerd. In de meeste onderzoeken werd geen onderscheid gemaakt tussen de 
intensiteitsniveaus van de activiteit ‘woon-werkverkeer’. In dit proefschrift hebben we 
ons alleen gericht op de matig-intensieve categorie van bewegen, zoals fietsen of 
stevig wandelen. We vonden dat meer actief woon-werkverkeer gerelateerd was aan 
een lager cardiometabool risico (hoofdstukken 2-5). 

Nederland biedt een uitzonderlijk model om te bestuderen hoe actief woon-
werkverkeer de cardiometabole gezondheid ten goede kan komen, omdat fietsen een 
veelgebruikte manier van transport is. Fietsen voor woon-werkverkeer zou in veel 
landen kunnen worden gestimuleerd, wat wereldwijd zou kunnen helpen om het 
cardiometabool risico te verminderen. 

 
Is het nodig om sekse-specifieke benaderingen te overwegen bij het verbeteren van 
de cardiometabole gezondheid? 

Een vraag die in dit proefschrift aan de orde werd gesteld, was of sekse-specifieke 
benaderingen nodig zijn om cardiometabool risico te schatten, aangezien mannen en 
vrouwen kunnen verschillen in metabolisme en levensstijl. Daarom werden alle in dit 
proefschrift geteste associaties afzonderlijk beschouwd voor mannen en vrouwen. De 
bevindingen in hoofdstuk 4 onthullen een sterkere associatie bij vrouwen dan bij 
mannen van matig-intensief bewegen met het voorkómen van gewichtstoename. 
Bovendien vonden we dat de keuze voor obesitas-maten voor het beoordelen van 
het cardiovasculaire risico specifieker zou kunnen zijn voor vrouwen en mannen, 
bijvoorbeeld door het totale lichaamsvetpercentage te meten met bio-elektrische 
impedantieanalyse. Obesitas-gerelateerde en sekse-specifieke benaderingen moeten 
in samenhang worden overwogen om de inschatting van het cardiovasculair risico te 
verbeteren voor vrouwen. 
 
Biedt het voordelen om de potentiële gezondheidswinst van bewegen te bezien 
vanuit levensloopperspectief?  
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Meer matig-intensief bewegen was gerelateerd aan een lager risico op vette lever 
(hoofdstuk 2) en hoge bloeddruk (hoofdstuk 3) en cardiovasculaire sterfte en 
transplantatiediabetes (hoofdstuk 5) in alle leeftijdscategorieën. De associaties waren 
echter sterker bij oudere volwassenen dan bij jongere volwassenen. Meer matig-
intensief bewegen was geassocieerd met een lagere toename in lichaamsgewicht 
gedurende de 4 jaar dat deelnemers van de Lifelines studie zijn gevolgd. Deze 
associatie was daarentegen sterker bij jongere volwassenen dan bij oudere 
volwassenen (hoofdstuk 4). Vanuit een levensloopperspectief kunnen al deze 
associaties worden gekoppeld, aangezien een hogere BMI in het vroege volwassen 
leven wordt beschouwd als een voorspeller voor toekomstige hart- en vaatziekten in 
het latere leven. Bovendien vonden we, passend in het concept van gezond ouder 
worden, dat ouderen die ondanks hun leeftijd actief kunnen blijven, waarschijnlijk 
ook relatief gezond blijven (hoofdstukken 2-5). Onze algemene conclusie is dat een 
fysiek actieve levensstijl op elke leeftijd belangrijk kan zijn, maar voor verschillende 
relevante gezondheidsuitkomsten. 

 
Is de gezondheidsachtergrond van het individu belangrijk voor de potentiële effecten 
van bewegen? 

Hoewel aan de ene kant de voordelen van bewegen gemakkelijker kunnen worden 
bereikt wanneer er meer ruimte is voor verbetering van de gezondheid, wat het 
geval is bij oudere volwassenen, kunnen de effecten aan de andere kant mogelijk 
niet opwegen tegen andere, overheersende klinische factoren (bijv. comorbiditeit en 
het gebruik van medicijnen). Daarom is het ook interessant om te kijken naar de 
associaties tussen bewegen en gezondheid in specifieke groepen, zoals mensen met 
een niertransplantatie (hoofdstuk 5). Onze resultaten gaven aan dat de associaties 
tussen bewegen en gezondheid niet verdwenen in deze specifieke groep met een 
chronische gezondheidstoestand. Integendeel, een hogere mate van matig-intensief 
bewegen werd sterk geassocieerd met een lager risico op het ontwikkelen van 
nadelige gezondheidsuitkomsten op lange termijn zoals diabetes na transplantatie en 
cardiovasculaire mortaliteit, waarbij deze associatie vooral sterk was bij de oudere 
patiënten. 

 
Conclusies 

Gezien de bevindingen in dit proefschrift kunnen we concluderen dat de potentiële 
voordelen van matig-intensief bewegen in het dagelijks leven afhangen van de 
leeftijd, en ook met het domein van bewegen, hetzij werkgerelateerd, voor woon-
werkverkeer of vrije tijd. Verder suggereren wij dat een fysiek actieve levensstijl op 
elke volwassen leeftijd, en ook voor personen met chronische 
gezondheidsproblemen, gunstig is voor de cardiometabole gezondheid. 
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ТОВЧ ХУРААНГУЙ 
 
Чихрийн шижин, зүрх судасны эмгэг, тархинд цус харвалт, шигдээс зэрэг 
халдварт бус өвчин (ХБӨ), тэдгээрийн хүндрэлүүдийн тархалт төдийлөн 
буурахгүй, харин ч өссөөр дэлхийн хэмжээний эрүүл мэнд, нийгэм эдийн засгийн 
томоохон тулгамдсан асуудлуудын нэг болоод байна. Идэвхитэй хөдөлгөөн нь 
эдгээр бүлэг өвчнөөс урьдчилан сэргийлэх, тэдгээрийн эмчилгээ, хяналтанд 
чухал үүрэгтэй нь нотлогдсоор байна. ХБӨ-ний урьдчилан сэргийлэлт, хяналт, 
эмчилгээний эмнэлзүйн удирдамжуудад “Дундаас дээш ачаалал шаардсан (MET1 
> 4.0) дасгал хөдөлгөөнийг долоо хоногт 150 минутаас дээш хугацаагаар хийх”-
ийг зөвлөмж болгосон байдаг ч ямар төрлийн хөдөлгөөний (ажлын болон ажлын 
бус цагаар хийх) тусламжтайгаар энэхүү зөвлөмжийг биелүүлэх нь тодорхойгүй 
байна. Мөн ажлын бус цагаар хийх хөдөлгөөнүүд, тэр дундаа амралт чөлөөт 
цагаар хийх хөдөлгөөний ач холбогдол харьцангуй өргөн судлагдсан харин 
бусад төрлийн хөдөлгөөний талаарх судалгааны ажлууд харьцангуй бага 
хийгдсэн байна. Иймд бид, дундаас дээш ачаалал шаардсан өдөр тутмын 
амьдрал - ахуйн хөдөлгөөнүүдийн талаар судалгааны ажил  хийсэн. Тухайлбал, 
дундаас дээш ачаалал шаардсан 3 төрлийн бүлэг хөдөлгөөнийг сонгон авч 
судалсан. Үүнд: 

1. Гэр - ажил, сургуулийн хооронд хийх ачаалал шаардсан хөдөлгөөн 
(унадаг дугуйгаар явах, хурдан алхалт);  

2. Амралт, чөлөөт цагаар хийх идэвхитэй дасгал хөдөлгөөн болон бүх 
төрлийн спортоор хичээллэх;   

3. Ажлын байран дахь ачаалал шаардсан хөдөлгөөн.  
 
Бидний хийсэн судалгааны үр дүнгээр таргалалттай холбоот - элэгний 

өөхжилт (Бүлэг 2), артерийн даралт ихсэлт (Бүлэг 3), таргалалт (Бүлэг 4), 
чихрийн шижин, зүрх судасны эмгэгүүд (Бүлэг 5)-ийн эрсдлийг бууруулахад 
амралт, чөлөөт цагаар хийх идэвхитэй дасгал хөдөлгөөн нь хамгийн чухал 
нөлөөтэй болох нь батлагдсан. Мөн дундаас дээш ачаалал шаардсан 
хөдөлгөөнийг ажил - гэр, сургуулийн хооронд тогтмол хийх нь дээрх 
эмгэгүүдийн эрсдлийг бууруулах нөлөөтэй (Бүлэг 2-5) болох нь ажиглагдсан ба 
амралт чөлөөт цагаар хийх хөдөлгөөний хамт тогтмол хийж байх нь эрүүл 
мэндэд илүү ач холбогдолтой болох нь батлагдсан (Бүлэг 3-4). Харин ажлын 
байран дахь ачаалал шаардсан хөдөлгөөн нь дээрх эмгэгүүдийн эрсдлийг 
бууруулахад ямар нэгэн нөлөөгүй болох нь бидний судалгаануудад ажиглагдсан 
(Бүлэг 2-5). Тухайлбал биеийн жин бууруулахад бүх төрлийн энергийн 

                                                             
1 1 Хөдөлгөөний ачаалалыг хэмжих нэгж ба 1 нэгж нь тайван байх үеийн энерги зарцуулалттай тэнцэнэ. 
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зарцуулалт нь чухал ач холбогдолтой байж болох ч ажлын байран дахь ачаалал 
шаардсан хөдөлгөөн нь биеийн жин нэмэгдэхээс сэргийлэх нөлөөгүй байв (Бүлэг 
4). Дундаас дээш ачаалал шаардсан бүх төрлийн хөдөлгөөн нь эрүүл мэндэд 
адил нөлөө үзүүлдэггүй болох нь дээрх судалгаануудаар ажиглагдсан тул үр 
дүнг бататгах зорилгоор удаан хугацааны архаг өвчний улмаас бөөр шилжүүлэн 
суулгах хагалгаа хийгдсэн хүмүүсийг мэс ажилбараас хойш 5-6 жилийн дараа 
судалгаанд хамруулан 6-8 жилийн турш дагаж судалхад (Бүлэг 5), ажлын 
байран дахь ачаалал шаардсан хөдөлгөөн эрүүл мэндэд эерэг нөлөө үзүүлдэггүй 
нь тогтоогдсон. 

Ажлын байран дахь ачаалал шаардсан хөдөлгөөн ихээр хийхэд хүрдэг ажил 
мэргэжлийн хүмүүс нь нийгэм-эдийн засгийн байдал, хоололт, амьдарлын хэв 
маяг, орчин зэрэг олон зүйлсээр ялгаатай, эдгээр нь төөрөгдүүлэх хүчин зүйлс 
байж болзошгүй ч бидний хийсэн хэд хэдэн статистик шинжилгээнүүдэд адил үр 
дүн үзүүлсэн. Тухайлбал дээр дурдсан бөөр шилжүүлэн суулгасан хүмүүсийн 
20% нь ажил дээр ачаалал шаардсан хөдөлгөөнийг тогтмол хийдэг, тэднийг 
бусад өвчтнүүдтэй харьцуулахад эрүүл мэндийн үзүүлэлтийн хувьд харьцангуй 
өндөр хэдий ч бидний судалгааны үр дүнгээр ажил дээрх хөдөлгөөн төдийлөн ач 
холбогдолтой болох нь батлагдаагүй (Бүлэг 5). Иймд ХБӨ-ний эмнэлзүйн 
удирдамжуудад дундаас дээш ачаалал шаардсан хөдөлгөөний төрлүүдийн 
талаар тусгайлан зөвлөмж болгох, ялангуяа, амралт чөлөөт цагаар хийх дасгал 
хөдөлгөөн эсвэл гэр - ажил, сургуулийн хооронд хийх идэвхитэй хөдөлгөөнийг 
ажлын байран дахь ачаалал шаардсан хөдөлгөөнөөр орлуулах нь эрүүл мэндийн 
ач холбогдолгүй болохыг тусгаж байх шаардлагатай юм.  

Дээр өгүүлснээр ажлын байран дахь ачаалал шаардсан хөдөлгөөн нь эрүүл 
мэндэд төдийлөн ач холбогдолгүй тул хөдөлгөөний талаарх судалгаа хийж буй 
судлаачид, ялангуяа хөдөлгөөн хэмжигч аппарат (хөдөлгөөн хэмжигч нь 
хөдөлгөөний төрлийг ялгах боломжгүй байдаг) ашигласан тохиолдолд 
хөдөлгөөн хэмжигчийн үр дүнг тооцохдоо энэ төрлийн хөдөлгөөн бүртгэгдсэн 
эсэхийг нягталж байх шаардлагатай. Мөн түүнчлэн ажлын байран дахь ачаалал 
шаардсан хөдөлгөөн ба ХБӨ-ний эрсдлийн хоорондын хамаарлыг шалтгаан - 
эмгэг жамын үүднээс судлаачид цаашид нарийвчлан судлан тогтоох 
шаардлагатай байна.  
 
Идэвхитэй хөдөлгөөний үр дүнд хүйс, нас, урьд өвчилсөн байдлын нөлөө 

Хүйс: Хүйсийн хувьд хөдөлгөөний ач холбогдлын ялгаа элэгний өөхжилт 
(Бүлэг 2), артерийн даралт ихсэлт (Бүлэг 3), чихрийн шижин, ЗСӨ-ний эмгэгүүд, 
бүх төрлийн шалтгаант нас баралт (Бүлэг 5)-ын эрсдлийг бууруулах нөлөө 
ажиглагдаагүй. Харин биеийн жин нэмэгдэхээс сэргийлэх (Бүлэг 4)-д 
эмэгтэйчүүдэд хөдөлгөөний ач холбогдол харьцангуй өндөр, хүчтэй нөлөөтэй 
байв.  
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Таргалалт ба ЗСӨ-ний хоорондын хамаарлыг таргалалтыг илрүүлэх ялгаатай 
аргуудыг сонгон судалгаа хийхэд эмэгтэйчүүдийн хувьд тодорхой ялгаатай 
болох нь ажиглагдсан. Тодруулбал, ЗСӨ-ний эрсдлийг үнэлэхэд эмэгтэйчүүдэд 
эрэгтэйчүүдээс ялгаатай арга, тухайлбал биеийн нийт өөхний нэмэгдэлтийг 
илрүүлэх арга нь илүү тохиромжтой байж болохыг илрүүлсэн (Бүлэг 6). ЗСӨ-ний 
эрсдлийг үнэлэхдээ таргалалтыг илрүүлэх бүх аргыг бус, тохиромжтой аргыг 
сонгох нь чухал болохыг 10 орчим жилийн хугацаанд дагаж судалсан 
судалгааны үр дүнгээр илрүүлсэн ба биеийн нийт өөхний хэмжээг тодорхойлох 
био-цахилгаан эсэргүүцэлт арга нь ЗСӨ-ний эрсдлийг үнэлэхэд, ялангуяа 
эмэгтэйчүүдэд хамгийн тохиромжтой арга болох нь ажиглагдсан. Иймд 
“хөдөлгөөн – таргалалт – ЗСӨ”-ний хоорондын хамаарал нь хүйсийн хувьд 
ялгаатай, эмэгтэйчүүдийн хувьд онцлог байж болох, цаашид судлгааны ажлыг 
үргэлжлүүлэх  шаардлагатай гэсэн дүгнэлтэд хүрсэн болно.  

Нас: Бидний судалгаануудын үр дүнгээр идэвхитэй хөдөлгөөний ач холбогдол 
нь насны бүлгүүдэд ялгаатай байж болох ч хөдөлгөөний ач тусыг бүх насанд 
хүрэгчид хүртэх боломжтой болох нь ажиглагдсан (Бүлэг 8, Зураг 4). Залуу 
насны хүмүүс, ялангуяа эмэгтэйчүүд (55-с доош насны) идэвхитэй хөдөлгөөн, 
дасгалыг тогтмол хийснээр илүүдэл жингээс урьдчилан сэргийлэх боломжтой 
болох нь илүү тодоор ажиглагдсан (Бүлэг 4) ба энэ нь цаашид ахимаг насанд 
(55-с дээш насны) илүүдэл жингээс үүдэлтэй ХБӨ-үүдээс сэргийлэх ач 
холбогдолтой байж болохыг Бүлэг 2-3 болон 5-6-д харуулсан болно. Мөн биеийн 
жин нэмэгдэлтээс сэргийлэх хөдөлгөөний нөлөө нь хоололт болон амьдралын 
бусад хэв маягаас үл хамаарсан хүчтэй нөлөө үзүүлж болохыг бидний хийсэн 
хэд хэдэн статистик шинжилгээнүүдийн үр дүнгүүд баталсан. Тодруулбал, 
биеийн жинг хасах эмчилгээнд дан хөдөлгөөний нөлөө хангалтгүй, зохистой 
хоололт голлох үүргийг гүйцэтгэдэг болохыг өмнө хийгдсэн судалгаанууд 
харуулсан бол биеийн жин нэмэгдэхээс урьдчилан сэргийлэхэд хөдөлгөөнийн 
нөлөө харьцангуй өндөр, бие даасан ач холбогдолтой байж болох нь бидний 
судалгаагаар батлагдсан (Бүлэг 4).  

Дэлхий нийтээр “Эрүүл насжилт”-нд анхаарал ихээр хандуулах болсон өнөө 
үед, өдөр тутмын дасгал хөдөлгөөнийг тогтмол хийснээр эрүүл урт наслах 
боломжтой болохыг бидний судалгааны үр дүнгүүд харуулсан. Тухайлбал, 
элэгний өөхжилт (Бүлэг 2), артерийн даралт ихсэлт (Бүлэг 3), чихрийн шижин, 
ЗСӨ-ний эмгэгүүд, бүх төрлийн шалтгаант нас баралт (Бүлэг 5)-ын эрсдлийг 
бууруулахад “хөдөлгөөний нөлөө” ахимаг насныханд илүү тод ажиглагдсан.  

Өмнө өвчилсөн өвчин: архаг эмгэгүүдээс шалтгаалан хөдөлгөөний нөлөө 
хэрхэн өөрчлөгдөж болохыг судлах зорилгоор бөөр шилжүүлэн суулгах мэс 
засалд орсон өвчтөнүүдэд хөдөлгөөний ач холбогдлыг судалсан (Бүлэг 5). 
Өвчний явц хүндэвтэр хүмүүс хөдөлгөөнийг ихээр хийх боломжгүй тул бид 
биеийн байдал харьцангуй тогтворжсон хүмүүсийг сонгон авч 6-8 жилийн 
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хугацаанд дагаж судалхад хөдөлгөөн ихээр хийдэг бүлэг хүмүүст бөөр 
шилжүүлэн суулгасны дараах чихрийн шижин, ЗСӨ, эрт нас баралтын эрсдэл 
харьцангуй бага байсан (Бүлэг 5). Элэгний өөхжилтийн эрсдлийг эрүүл, чихрийн 
шижингийн урьдал байдалтай, чихрийн шижинтэй хүмүүст (Бүлэг 2), даралт 
ихсэлтийн эрсдлийг эрүүл, илүүдэл жинтэй, таргалалттай хүмүүст (Бүлэг 3) 
гэсэн бүлгүүдэд хуваан судалхад бүх насны, бүх бүлгийн хүмүүст хөдөлгөөний 
ач холбогдол статистик үнэн магадлалтай болох нь ажиглагдсан. Бид элэгний 
өөхжилттэй холбоот элэгний хатуурал үүсэх эрсдлийг идэвхитэй хөдөлгөөний 
тусламжтайгаар бууруулах боломжтой байж болохыг илрүүлсэн (Бүлэг 2).  
 
Дүгнэлт:  

Энэхүү нэг сэдэвт бүтээлийн хүрээнд идэвхитэй дасгал хөдөлгөөний ач 
холбогдол нь түүний төрөл (ажлын болон ажлын бус цагаар хийх ачаалал 
шаардсан хөдөлгөөн)-өөс шууд хамааралтай болохыг илрүүлэн тогтоосон. ХБӨ-
ний эрсдлийг бууруулахад ажлын бус цагаар хийх ачаалал шаардсан 
хөдөлгөөнүүд нь аль ч насны хүмүүс, түүнчлэн архаг эмгэгээр олон жил 
өвчилсөн хүмүүсийн хувьд ч ач холбогдолтойг зөвлөмж болгож байна.  
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