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ABSTRACT 
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ISBN 978-951-39-4449-0 (nid.) 
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The aim of this study was to find out if leisure-time physical activity (LTPA), adjusted 
for genetic factors and childhood environment, protects against mortality, type 2 diabe-
tes and other chronic diseases and against increases in weight and waist circumference.  

All participants were selected from the large Finnish Twin Cohort, which in-
cluded 12 069 twin pairs in 1975. To investigate the occurrence of type 2 diabetes (T2D), 
20 487 individuals were selected who were free of diabetes and had data on LTPA and 
BMI in 1975. These individuals were divided into quintiles according to their LTPA 
MET index. T2D risk was assessed between 1.1.1976 and 31.12.2004. For the long-term 
discordance analyses, 146 from 5663 healthy adult twin pairs were identified as discor-
dant for both intensity and volume of LTPA in 1975 and 1981. Mortality analyses were 
carried out between 1.1.1983 and 31.12.2004. Among the 146 pairs, 95 sets of twin pairs 
(76 DZ, 19 MZ) were alive and participated in a follow-up telephone interview in 2005 
(mean age 58.5y, range 48-78). The interview included detailed questions on the con-
tinuation of LTPA, self-measured weight and waist circumference and occurrence of 
chronic disease. Paired tests (McNemar’s test, t-test, conditional logistic regression, Cox 
proportional hazard model) were used in the statistical analyses. 

The paired type 2 diabetes analyses among the whole 1975 cohort showed that 
the BMI-adjusted hazard ratio for the active (quintiles II-V) compared to sedentary 
(quintile I) co-twins at follow-up was 0.54 (95% CI 0.37-0.78). Among the 146 LTPA 
discordant pairs, 24 co-twins (16 inactive and 8 active) had died by the end of 2004. The 
active co-twins had a reduced risk of all-cause mortality as social class-adjusted HR 
was 0.39 (95 % CI 0.18 – 0.85). This was not found among the small number of MZ pairs. 
Among the 95 interviewed pairs, the risk of type 2 diabetes or glucose intolerance 
(OR= 0.09, p=0.022) and incident elevated blood pressure (OR=0.46, p=0.039) was 
lower among the active co-twins. The active co-twins were more satisfied with their life 
at follow-up (p=0.047). In contrast, the active co-twins showed a tendency towards 
more sports-related injuries (OR=1.9, p=0.051). Within the subgroup of 42 pairs discor-
dant for LTPA over 30 years, mean weight gain from 1975 through 2005 was 5.4 kg (95% 
CI 2.0-8.9, p=0.003) less and waist circumference 8.4 cm smaller (95% CI 4.0-12.7 cm, 
p<0.001) at follow-up among the active compared to inactive co-twins.  

Physical activity helps in maintaining overall health by decreasing the rate of 
weight gain, lowering waist circumference and reducing the risk for clinical T2D. 
However, genetic factors may play a role in explaining some of the associations be-
tween mortality, disease occurrence and physical activity, as some of the findings were 
more clearer among the dizygotic than monozygotic twin pairs discordant for LTPA.  
 
Keywords: physical activity, twins, type 2 diabetes, mortality, morbidity, weight, waist 
circumference, health, chronic disease, prospective follow-up  



 
 
Author’s address Katja Waller, MSc 
  Department of Health Sciences 
  University of Jyväskylä, P.O. Box 35 (LL)  

FI-40014 University of Jyväskylä, Finland 
 
 
Supervisors Professor Urho M. Kujala, MD, PhD 
  Department of Health Sciences 
  University of Jyväskylä, Finland 
   
  Professor Jaakko Kaprio, MD, PhD 

Institute for Molecular Medicine and Hjelt Institute 
Department of Public Health   
University of Helsinki, Finland 
& 
Department of Mental Health and Substance Abuse 
Services, National Institute for Health and Welfare 
Helsinki, Finland 

 
  Professor Taina Rantanen, PhD 
  Gerontology Research Centre 

Department of Health Sciences 
  University of Jyväskylä, Finland 
   
 
Reviewers  Professor Johan Eriksson, MD, DMSc 

Department of General Practice and Primary Health 
Care, University of Helsinki, Finland  
& 
Helsinki University Central Hospital 
Unit of General Practice, Helsinki, Finland 
 
Professor Leo Niskanen, MD, DMSc 
Department of Internal Medicine 
Central Hospital Central Finland, Jyväskylä, Finland 
& 
Faculty of Health Sciences, School of Medicine 
University of Eastern Finland, Kuopio, Finland  

 
 
Opponent  Docent David Laaksonen, MD, PhD, MPH 

Institute of Clinical Medicine, Internal Medicine, 
Kuopio University Hospital, Kuopio 
& 
Institute of Biomedicine, Physiology, University of 
Eastern Finland, Kuopio, Finland 



 
 
ACKNOWLEDGEMENTS 

This research has been carried out at the Department of Health Sciences, Uni-
versity of Jyväskylä and utilised data are drawn from the older Finnish twin 
cohort. I am very grateful to have had an opportunity to do this thesis on such a 
respected and well known cohort. The Social Insurance Institute of Finland has 
provided the register data and therefore I wish to thank the TwinKELA project 
for that data and for their support. 

I wish to express my sincere gratitude to my encouraging supervisors Pro-
fessor Urho Kujala, Professor Jaakko Kaprio, and Professor Taina Rantanen. I 
am grateful to Urho for showing me the scientific world and encouraging me to 
start my PhD. Thank you for all the guidance you have given me through the 
different stages of my work as a researcher and an assistant. You have always 
had time for any questions I had. Jaakko, thank you for all your guidance and 
help. You made me feel as if I know more than I do. Thank you for having and 
making time to help me and comment on my work, although I know you are 
very busy. I admire your knowledge in all the different fields. Taina, thank you 
for your support and for your valuable comments throughout the PhD process.  

I sincerely thank the official reviewers of my thesis, Professor Johan Eriks-
son and Professor Leo Niskanen for their speedy review, valuable comments 
and suggestions and encouraging words. I also wish to thank Docent David 
Laaksonen for agreeing to be my opponent. 

I wish take this opportunity to thank all of my co-authors of the original 
papers who are not mentioned above: Professor Markku Koskenvuo MD, PhD, 
Docent Karri Silventoinen, Mikko Lehtovirta MD and statistician Markku 
Kauppinen MSc for your valuable critics and comments. I also want to thank 
Michael Freeman for the language revision of my original articles and this the-
sis. 

This work would not have happened without the financial support. This 
work was financially supported by the University of Jyväskylä, the Juho Vainio 
Foundation, the Yrjö Jahnsson Foundation and the Finnish Ministry of Educa-
tion and Culture. The Finnish Twin Cohort Study is supported by the Academy 
of Finland Centre of Excellence in Complex Disease Genetics. I express my sin-
cere gratitude to all these funding agencies. 

I have been fortunate to have the opportunity to work as a researcher and 
as an assistant with skilful scientists, lecturers and other department staff. I 
wish to thank the staff of the entire Department of Health Sciences for a lovely 
and welcoming working environment. I wish to express my thanks to all of my 
colleagues and fellow doctoral students at the Department of Health Sciences 
and the Gerontology Research Centre (the bunch at the legendary coffee table) 
for a very enjoyable working environment. Thank you for our friendship and 
support; you are more than just colleagues. In particularly, I want to thank Tuija 
Leskinen for sharing many events and interests in research and life. 

I want to thank my family, friends and Mannila “playground mums” for 
your support during these years. I want to thank my dear friends Reetta, Jenni, 



 
 
and Iina and my sister Kaisa and your families for your friendship. I sincerely 
thank my mum and dad, Ulla and Ari, for your support on my different choices 
during my life and especially for your support on my decision to live and study 
in England after high school. The support and encouragement you gave me 
when I decided to study for a bachelor’s degree in England has been very valu-
able as I don’t think I would have got this far with my thesis without the ex-
perience and knowledge and the language skills I acquired from the years I 
spent in England.  

During my PhD I got married and became mum to two gorgeous girls. 
Hilma and Saimi - thank you for being in my world. You keep me busy and re-
mind me what the most important thing in my life is. Finally my warmest 
thanks go to my best friend, my husband and father of our children, Ben. I am 
grateful that you moved to Finland with me over 8 years ago and later on 
agreed to stay here (I know we were meant to stay here only two years). You 
put your career on hold for me and my PhD studies. Without that, this thesis 
would never have happened. I sincerely value your encouragement throughout 
this thesis. Thank you for your love and support.  

 
 

 
Jyväskylä September 2011 
Katja Waller 



 
 
ORIGINAL PUBLICATIONS 

The thesis is based on the following original papers, which will be referred to in 
the text by their Roman numbers. 
 

I Waller K, Kujala UM, Rantanen T, Kauppinen M, Silventoinen 
K, Koskenvuo M, Kaprio J. 2010. Physical activity, morbidity 
and mortality in twins: a 24-year prospective follow-up. Euro-
pean Journal of Epidemiology 25(10):731-739. 
 

II Waller K, Kujala UM, Kaprio J, Koskenvuo M, Rantanen T. 2010. 
Effect of physical activity on health in twins: A 30-year longitu-
dinal study. Medicine & Science in Sports & Exercise 42(4):658-
664.  

 
III Waller K, Kaprio J, Kujala UM. 2008. Associations between 

long-term physical activity, waist circumference and weight 
gain: A 30-year longitudinal twin study. International Journal of 
Obesity 32:353-361. 

 
IV Waller K, Kaprio J, Lehtovirta M, Silventoinen K, Koskenvuo M, 

Kujala UM. 2010. Leisure-time physical activity and type 2 dia-
betes during a 28 year follow-up in twins. Diabetologia 
53(12):2531-2537. 
 

Additionally, some previously unpublished results are included in the thesis.  
 
 

 

 

 

 

 

 



 
 
ABBREVIATIONS 

AEE   Physical activity-associated energy expenditure 
BIA  Bioelectrical impedance 
BMI  Body mass index 
CHD   Coronary heart disease 
CI  Confidence intervals  
DEXA  Dual energy X-ray absorptiometry 
DZ  Dizygotic 
EEA  Equal environment assumption 
FTO  Fat mass and obesity-associated gene 
HR  Hazard ratio 
ICC  Intraclass correlation coefficient 
KELA  The Social Insurance Institution of Finland 
LS  Life satisfaction 
LTPA  Leisure-time physical activity 
MET  Metabolic equivalent 
MRI  Magnetic resonance imaging 
MZ  Monozygotic 
PA  Physical activity 
OR  Odds ratio 
Q  Quintile 
SNP  Single nucleotide polymorphism 
T2D  Type 2 diabetes 
WC  Waist circumference 
WHO  World Health Organization 
 



 
 
CONTENTS 

ABSTRACT 
ACKNOWLEDGEMENTS 
ORIGINAL PUBLICATIONS 
ABBREVIATIONS 
CONTENTS 

1 INTRODUCTION .............................................................................................. 11 

2 REVIEW OF THE LITERATURE ..................................................................... 13 
2.1 Leisure-time physical activity ................................................................. 13 

2.1.1 Assessment of physical activity .................................................... 15 
2.1.2 Heritability of physical activity ..................................................... 16 

2.2 Genetic and environmental influences on all-cause mortality ........... 16 
2.2.1 Heritability of all-cause mortality ................................................. 16 
2.2.2 Effect of physical activity on all-cause mortality ........................ 17 

2.3 Genetic and environmental influences on anthropometric 
characteristics ............................................................................................ 18 
2.3.1 Heritability of weight and waist circumference ......................... 19 
2.3.2 Effect of physical activity on weight and waist circumference 20 

2.4 Genetic and environmental influences on type 2 diabetes ................. 22 
2.4.1 Heritability of type 2 diabetes ....................................................... 22 
2.4.2 Effect of physical activity on preventing type 2 diabetes .......... 23 

2.5 Genetic and environmental influences on other health-related 
measurements ........................................................................................... 25 
2.5.1 Heritability of other health-related measurements .................... 25 
2.5.2 Effect of physical activity on other health conditions ................ 25 

2.6 Twin study designs .................................................................................. 26 

3 AIMS OF THE STUDY ...................................................................................... 29 

4 PARTICIPANTS AND METHODS ................................................................. 30 
4.1 Subjects ....................................................................................................... 31 
4.2 Assessment of baseline predictors ......................................................... 33 

4.2.1 Leisure-time physical activity ....................................................... 33 
4.2.2 Covariates ......................................................................................... 35 

4.3 Follow-up assessments ............................................................................ 36 
4.3.1 Physical activity level ..................................................................... 36 
4.3.2 Mortality ........................................................................................... 37 
4.3.3 Anthropometric measurements .................................................... 37 
4.3.4 Type 2 diabetes ................................................................................ 37 
4.3.5 Type 2 diabetes, hypertension and CHD among 146 pairs ....... 38 
4.3.6 Other health-related variables assessed by telephone  

interview ........................................................................................... 38 



 
 

4.4 Statistical Methods .................................................................................... 39 
4.4.1 Descriptive statistics ....................................................................... 39 
4.4.2 Multivariate analyses ...................................................................... 40 

5 RESULTS ............................................................................................................. 41 
5.1 Baseline subject characteristics ............................................................... 41 
5.2 Mortality ..................................................................................................... 43 
5.3 Physical activity ........................................................................................ 44 
5.4 Anthropometric measurements .............................................................. 45 
5.5 Type 2 diabetes .......................................................................................... 49 
5.6 Other conditions and health-related measurements ........................... 53 

6 DISCUSSION ...................................................................................................... 56 
6.1 Mortality ..................................................................................................... 57 
6.2 Anthropometric characteristics .............................................................. 58 
6.3 Type 2 diabetes .......................................................................................... 60 
6.4 Other conditions ....................................................................................... 62 
6.5 Study strengths and limitations .............................................................. 63 
6.6 Future directions ....................................................................................... 67 

7 MAIN FINDINGS AND CONCLUSIONS ..................................................... 68 

YHTEENVETO ............................................................................................................. 69 

REFERENCES ............................................................................................................... 72 
 

ORIGINAL ARTICLES 
 
  



1 INTRODUCTION  

Over 1.5 billion of the world’s population can be considered to be overweight 
and of these about 500 million are obese (WHO 2011b). Both obesity and the 
accumulation of intra-abdominal adipose tissue are considered to be risk factors 
for the development of several metabolic disorders such as glucose intolerance, 
dyslipidaemia and hypertension (Misra & Vikram 2003, Eckel et al. 2005) as 
well as for mortality (Bigaard et al. 2005). Type 2 diabetes has also become a 
significant worldwide health problem. It has been estimated that there were 
over half a million people in Finland (around 10% of the population) in 2008 
(Reunanen et al. 2008) and around 220 million people worldwide in 2011 (WHO 
2011a) with type 2 diabetes. It has been estimated that, taking 2005 as the base-
line, the worldwide figure will have doubled by 2030 (Wild et al. 2004). For ex-
ample, the population prevalence of diabetes has been estimated to rise to over 
11% among Australians by 2025 (Magliano et al. 2008) and to over 20% among 
the American Hispanic population by 2031 (Mainous et al. 2007). Main reasons 
for the expanding type 2 diabetes epidemic are increased excess body weight 
and inactivity (WHO 2011a). Also, population ageing is a well-known phe-
nomenon in almost all countries (WHO 2010a), increasing the risk for type 2 
diabetes. Other explanation for increased obesity and metabolic changes can be 
found in epigenetics; for example, early-life nutrition or physical activity habits 
may affect individuals’ gene function without changes in the nucleotide se-
quence (Franks & Ling 2010). 

Physical inactivity has been identified as the fourth leading risk factor for 
global mortality and the cause of approximately 6% of deaths globally (WHO 
2010b). Abundant evidence from observational studies shows that active men 
and women have lower rates of all-cause mortality, coronary heart disease, high 
blood pressure, stroke, type 2 diabetes, metabolic syndrome, colon cancer, 
breast cancer, and depression compared to less active people (Physical Activity 
Guidelines Advisory Committee 2008). In order to improve health, adults 
should do at least 150 minutes of moderate or 75 min of vigorous aerobic physi-
cal activity per week and in addition, muscle strength training twice a week 
(WHO 2010b). However, most people are insufficiently active, for example 
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about 40% of Americans engaged in no leisure-time physical activity in 2006 
(Physical Activity Guidelines Advisory Committee 2008), while in Finland in 
2009, under 50% of the population met the current recommendation of 150 mi-
nutes of moderate physical activity weekly, and only just over 10% when the 
additional two strength training sessions weekly were included (Helakorpi et al. 
2010). 

Most of the studies investigating the effect of physical activity and preven-
tion of multiple health conditions have been conducted on genetically unrelated 
individuals; however, genetic selection may explain some of the observed asso-
ciations. Firstly, there is now evidence available that genetic selection partly 
explains participation in physical activity (Kaprio et al. 1981, Lauderdale et al. 
1997, Kujala et al. 2002, Stubbe et al. 2006) and therefore that can favour these 
individuals with lower morbidity and mortality. Secondly, all diseases can be 
explained by genetic factors, at least to some extent. For example, moderate to 
high heritability has been shown for age at death from CAD (Marenberg et al. 
1994, Wienke et al. 2001, Zdravkovic et al. 2002, Zdravkovic et al. 2004) as also 
have for BMI and waist circumference (Schousboe et al. 2003, Schousboe et al. 
2004, Nelson et al. 2006, Lee et al. 2010), while heritability estimates for type 2 
diabetes have been shown to vary more (Barroso 2005, Lehtovirta et al. 2010). 
Twin and family studies are a powerful tool for investigating the role of genetic 
and environmental factors in risk factor – disease relationships. Dizygotic twins 
(DZ) share half of their segregating genes, while monozygotic (MZ) pairs are 
genetically identical (Plomin et al. 2000). Both types of pairs nearly always have 
the same childhood environment. By studying outcomes in twin pairs discor-
dant for an exposure, such as physical activity, the possible confounding role of 
genetic and early childhood experiences can be assessed (Kujala et al. 2002). In 
epidemiological studies, genetic selection and childhood environment may be 
important confounders when studying the effect of physical activity on mortal-
ity and morbidity.  

The purpose of this study was to examine the sum effect of leisure-time 
physical activity on health. The main aim is to find out whether persistent lei-
sure-time physical activity, adjusted for genetic factors and childhood environ-
ment, protects against premature mortality, increases in weight and waist cir-
cumference, type 2 diabetes, and other chronic diseases. Therefore for the pur-
pose of this thesis, twin pairs who had a 6-year baseline discordance in intensity 
and volume (over 2 MET h/day) of leisure-time physical activity were studied 
prospectively over a 20-year follow-up. Among these twin pairs, the association 
between physical activity and all-cause mortality, anthropometrics, type 2 dia-
betes and other metabolic health related condition were studied. A further 
study among a large sample of twins was also performed to study the risk of 
type 2 diabetes according to baseline levels of physical activity.  
 

 



  
 

2 REVIEW OF THE LITERATURE 

2.1 Leisure-time physical activity 

Physical activity refers to any bodily movement produced by the contraction of 
skeletal muscle that increases energy expenditure above a basal level (ACSM 
2010). Total energy expenditure includes three components: resting metabolic 
rate, physical activity-associated energy expenditure (AEE) and diet-induced 
energy expenditure (thermogenesis) (McArdle et al. 2001). Resting metabolic 
rate is the main component, accounting for 60-70% of the total daily energy ex-
penditure, while physical activity-associated energy expenditure accounts for 
about 20-30%, and is the most important source of variation between individu-
als (Vanhees et al. 2005). Activities accounting for AEE include physical activity 
during occupation, leisure time, sports, home and household activities, personal 
care and transportation (Vanhees et al. 2005). Physical inactivity or sedentari-
ness in turn do not refer to zero activity or energy expenditure but rather to no 
extra voluntary activity that is required for the necessary activities of daily liv-
ing or work. 

Physical activity can be categorized by the mode, intensity and purpose of 
activity (Physical Activity Guidelines Advisory Committee 2008). The purpose 
of activity relates to the context in which it is performed, such as leisure-time. 
Activities that are not required for the necessary activities of daily living or 
work and that are performed at a person’s own discretion are classified as lei-
sure-time physical activities (Physical Activity Guidelines Advisory Committee 
2008), and these are often considered as exercise, which is “planned, structured 
and repetitive activity done to improve physical fitness” (ACSM 2010). Leisure-
time physical activities include sports participation, exercise conditioning or 
training, and recreational activities such as going for a walk, dancing, and gar-
dening (Physical Activity Guidelines Advisory Committee 2008); in this study it 
also include transportation or commuting activities. Mode refers to the type of 
activity that is being performed (Physical Activity Guidelines Advisory Com-
mittee 2008), for example cycling, walking, skiing or weight lifting. Physical 
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activity intensity is often reported as MET values, in which MET refers to meta-
bolic equivalent. One MET is the rate of energy expenditure while at rest and it 
is the equivalent of an oxygen uptake of 3.5 millilitres per kilogram of body 
weight per minute (McArdle et al. 2001). Table 1 shows how different MET in-
tensities correspond to different physical activity categories. Frequency, dura-
tion, and total amount of physical activity performed are also terms often used 
when describing physical activity (Shephard 2003).  
 
TABLE 1   MET classification by leisure-time physical activity intensity for young / 

middle-age subjects, modified from McArdle et al. (2001) and ACSM (2010). 
 
Category Maximal HR % MET intensity Example of activity 
Rest < 50  1-2 Sitting, arts and crafts  
Light 50 – 63 2-4 Slow walking, sailing boat 
Moderate 64 – 76 4-7 Brisk walking, badminton  
Hard (vigorous) 77 – 94 7-10 Jogging, swimming 
Maximal > 95 >10 Running, competitive sports 
HR = Heart Rate 
 
Physical activity has many health benefits, including improvements in cardio-
vascular and respiratory function, decreased mortality and morbidity, reduc-
tions in coronary artery disease risk factors and many other benefits from im-
proved psychological health to reductions in falls and injuries (ACSM 2010). 
Many of the health benefits are due to increases in different components of 
physical fitness, which are the most direct effects of physical activity (McArdle 
et al. 2001). The ability to complete daily tasks, perform physical activity and 
muscular work without too much effort and fatigue is one way of defining 
physical fitness (McArdle et al. 2001, Physical Activity Guidelines Advisory 
Committee 2008). Physical fitness and its effects are not within the scope of this 
thesis. Instead, this thesis focuses on the effects of physical activity. 

To achieve an overall public health benefit, the current physical activity 
recommendations for adults is approximately 150 minutes of moderate inten-
sity activity per week or 75 minutes of vigorous activity per week and addition-
ally muscle-strengthening activities two or more times a week (Physical Activ-
ity Guidelines Advisory Committee 2008, WHO 2010b). There is reasonably 
strong evidence that participating in moderate to vigorous physical activity for 
more than 150 minutes per week is associated with greater health benefits for a 
variety of health outcomes (Physical Activity Guidelines Advisory Committee 
2008). 

Physical activity behaviour seems to change over the life course, especially 
during different transitions and life events. Physical activity behaviour has been 
suggested to change during important periods, just as the transition from pri-
mary to secondary school or from high school to college or university, marriage, 
becoming a parent, and retirement (Corder et al. 2009). However, physical ac-
tivity behaviour seems to be more stable during adulthood. A few studies have 
demonstrated moderate correlations for the tracking of physical activity during 
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adulthood, the correlations varying between 0.2 to 0.4 (Kirjonen et al. 2006, Par-
sons et al. 2006, Morseth et al. 2011). 

2.1.1 Assessment of physical activity 

Physical activity assessment is generally very challenging; however, different 
objective and subjective approaches are available to measure physical activity 
(Lagerros & Lagiou 2007). Objective, or also called observer-dependent, meth-
ods of measuring physical activity or energy expenditure include, for example, 
heart rate monitoring, accelerometer and doubly labelled water, and are based 
on biological and physiological approaches (Lagerros & Lagiou 2007). In turn, 
subjective or self-reported methods of measuring physical activity include 
physical activity records, logs and questionnaires (Lagerros & Lagiou 2007). 
Information obtained from self-report instruments can be converted into esti-
mates of energy expenditure such as MET values (U.S. Department of Health 
and Human Services 1996). Questionnaire-based physical activity data are often 
used in epidemiological studies, as this method is inexpensive, easy to distrib-
ute and administer, does not require a lot of motivation or time from the study 
participant, and compared to many other methods, is overall a quick way of 
measuring physical activity in large populations (U.S. Department of Health 
and Human Services 1996, Lagerros & Lagiou 2007). However, the method re-
lies on subjective interpretation of the questions and subjective perception of 
physical activity behaviour itself, and consequently over- or underestimation is 
possible (Vanhees et al. 2005). 

The reliability of different physical activity questionnaires is difficult to 
assess as even self-reported activity questionnaires may vary from very detailed 
interviews on intensity, duration, frequency, and mode to a short self-filled 
questionnaire with a question on frequency. Some studies have compared sim-
ple self-assessed physical activity questions against different types of subjective 
measurements for validation purposes. The gold standard for measuring en-
ergy expenditure is direct calorimetry (Vanhees et al. 2005). As physical activity 
is defined as energy expenditure resulted from a body movement, direct or in-
direct calorimetry, including double labeled water, should be used when vali-
dating questionnaires (Vanhees et al. 2005), but as these are often impractical 
and expensive, other subjective measurements have been used, such as acceler-
ometers or heart rate monitors. Studies validating physical activity question-
naires against motion sensors, such as pedometers, report correlation coeffi-
cients varying between 0.26 and 0.78 (Shephard 2003). In contrast, in a study by 
Philippaerts et al. (1999) three physical activity questionnaires were validated 
against doubly labelled water and yielded correlation coefficients of 0.57 – 0.69, 
indicating that questionnaires can provide valid data about physical activity 
and are useful in epidemiological studies. Another way of validating physical 
activity questionnaires is to compare them with measured fitness. Fogelholm et 
al. (2006) compared the short format of the International Physical Activity 
Questionnaire (IPAQ) against health-related fitness and found that overall fit-
ness improved with increasing total MET min/week score, except for the high-
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est MET quintile. They also found that self-reported frequency of weekly vigor-
ous activity was associated best with increased fitness level. Surprisingly, 10% 
of young men who had reported very high physical activity on the IPAQ in fact 
had poor fitness and apparently low physical activity, indicating that young 
men in particular might overestimate their level of physical activity (Fogelholm 
et al. 2006). 

2.1.2 Heritability of physical activity 

Various studies have shown a moderate to strong genetic component in physi-
cal activity participation, with higher heritabilities accounting for vigorous ac-
tivity (Kaprio et al. 1981, Lauderdale et al. 1997, Kujala et al. 2002, Stubbe et al. 
2006). Heritability is an estimate of the genetic contributors to individual differ-
ences in different traits in a population, but it is not an estimate of a single indi-
vidual (Plomin et al. 2000). A large study, which pooled data from 7 European 
twin registers, showed a consistent genetic influence on physical activity par-
ticipation, with heritability estimates ranging between 48 and 71% (Stubbe et al. 
2006). In turn, a recent study by Aaltonen et al. (2010) found slightly lower 
heritabilities: as genetic influences on leisure-time physical activity were mod-
erate (44%) at baseline and declined (34%) over a 6-year follow-up among 
healthy adult men and women. Interestingly, another twin study found a ge-
netic influence on changes in physical activity according to physical activity 
level, when using 60 minutes or 150 minutes (current recommendation) as cut-
off points for physical activity (Duncan et al. 2008).  Their results for lower 
physical activity levels (45%) were similar to those of previous studies, but the 
variation in physical activity for the higher levels of activity was primarily due 
to common and unique environmental factors. Unique environment, that is fac-
tors that are related to only one of the co-twins, contributed 72% of the variation 
when 150 minutes was used as the cut-off point (Duncan et al. 2008). In this 
connection, childhood environment has also been shown to play a modest role 
in adult exercise behaviour (Stubbe et al. 2006).  

2.2 Genetic and environmental influences on all-cause mortality 

2.2.1 Heritability of all-cause mortality 

Twin (Herskind et al. 1996, Iachine et al. 1998) and adoption (Sorensen et al. 
1988, Petersen et al. 2008) studies have indicated that genetics may have an im-
portant role as the underlying cause for mortality. The heritability of longevity, 
which is closely related to all-cause mortality, seems to vary. Herskind et al. 
(1996) estimated that the heritability of longevity among Danish twins is rather 
low; i.e. 0.2, but this has been suggested to increase after age 60 according to an 
analysis conducted with Nordic twin data (vB Hjelmborg et al. 2006). An adop-
tion study showed that biological siblings have moderately increased risk (HR 
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1.39) for death from all causes before age 70 years if the adoptee’s sibling had 
died by that age (Petersen et al. 2008). Longevity has also been invesigated in 
many family studies to demonstrate whether long-lived parents have long-lived 
offspring. These studies have shown that longevity seems to run in families 
(Gudmundsson et al. 2000, Terry et al. 2004, Westendorp et al. 2009), as siblings 
and offspring of nonagenarians and centenarians live longer than controls. 
However, this may be due to shared genes, shared environments and shared 
lifestyles.  

Swedish and Danish twin studies have suggested that the age at death 
from CHD has moderate to high heritability, 0.38 – 0.58 (Marenberg et al. 1994, 
Wienke et al. 2001, Zdravkovic et al. 2002, Zdravkovic et al. 2004, Wienke et al. 
2005). Only slight changes in heritability were observed when adjusted for 
known risk factors (Zdravkovic et al. 2004, Wienke et al. 2005). For example, 
when adjusted for smoking and BMI, heritability increased from 45% to 55% 
(Wienke et al. 2005). A few studies have shown that the genetic effect decreases 
with increasing age (Marenberg et al. 1994, Zdravkovic et al. 2002).  

2.2.2 Effect of physical activity on all-cause mortality 

Many observational studies have reported that leisure-time physical activity 
has a protective effect on all-cause mortality (Lee et al. 1995, Kujala et al. 1998, 
Kujala et al. 2002, Autenrieth et al. 2011) as well as on cause-specific mortality, 
such as coronary heart disease or cardiovascular-related death (Morris et al. 
1980, Paffenbarger & Hyde 1984, Leon et al. 1987, Slattery et al. 1989, Rosengren 
& Wilhelmsen 1997, Erikssen et al. 1998, Carlsson et al. 2007), and cancer mor-
tality (Rosengren & Wilhelmsen 1997, Barbaric et al. 2010, Autenrieth et al. 2011, 
Kenfield et al. 2011). Recently, many systematic reviews and meta-analyses 
have summarized the results from studies investigating the relationship be-
tween physical activity and all-cause mortality (Nocon et al. 2008, Physical Ac-
tivity Guidelines Advisory Committee 2008, Lollgen et al. 2009, Woodcock et al. 
2011). These reviews clearly demonstrate, on the basis of observational follow-
ups, the protective effect of physical activity on all-cause mortality.  

The present evidence shows an inverse non-linear dose-response relation 
between leisure-time physical activity and all-cause mortality. Figure 1 presents 
an example of the dose-response curve according to the most recent review 
(Woodcock et al. 2011). This dose-response curve, along with the results of the 
review (Woodcock et al. 2011), shows that the greatest benefits from leisure-
time physical activity occur when moving from sedentary behaviour to low lev-
els of activity; however, when activity levels are increased even further, smaller 
additional benefits are achieved. The underlying causes of difference in mortal-
ity between physically inactive and active subjects might reasonably be ex-
pected mainly to concern deaths related to metabolic syndrome and/or cardio-
vascular diseases; however, surprisingly, Woodcock et al. (2011) found a larger 
effect of physical activity in studies that adjusted for more cardio-metabolic 
variables at baseline, indicating the independent effect of physical activity on 
all-cause mortality from metabolic variables. However, the current evidence on 
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physical activity and all-cause mortality is based on longitudinal observational 
studies and no randomized controlled trials have been published to support the 
findings. This association could also be affected by genetic factors predisposing 
to sedentariness (Stubbe et al. 2006, Rankinen & Bouchard 2007), which also 
may affect the life span (Kujala 2011). 
 
 

 
FIGURE 1  The relationship between MET-hours/week of non-vigorous physical activ-

ity and RR for all-cause mortality according to a recent review. Data were fit-
ted with a random-effect model including a power transformation of 0.25 for 
MET-hours/week. Shaded area represents 95% CI (Woodcock et al. (2011), 
reproduced with kind permission by Oxford University Press). 

2.3 Genetic and environmental influences on anthropometric 
characteristics 

Anthropometric measurements refer to measurements of the human body for 
the purposes of understanding physical variation and individuals’ body fat dis-
tribution. Anthropometric measurements are a set of noninvasive, quantitative 
techniques for measuring, recording, and analyzing specific dimensions of the 
body, such as height and weight, skin-fold thickness, and bodily circumference 
at the waist, hip, and chest (McArdle et al. 2001). However, to assess body com-
position and fat distribution more specifically, a wide range of assessment tools 
can be used, such as underwater weighing, dual energy X-ray absorptiometry 
(DEXA), bioelectrical impedance (BIA), computed tomography and magnetic 
resonance imaging (MRI) (Goodpaster et al. 2002). Underwater weighing can 
only be used to estimate total body fat, while DEXA and BIA can differentiate 
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regional body fat compartments (Hu et al. 2011). Computed tomography and 

MRI are the most reliable methods as they can differentiate between subcutane-
ous and visceral adipose tissue, and MRI can additionally quantify ectopic fat 
(Hu et al. 2011).  

In this thesis weight, height, body mass index (BMI), and waist circum-
ference were used to study anthropometrics. Body mass index (BMI) is a simple 
measure, used most often to quantify adiposity (Schousboe et al. 2003), and it is 
calculated as weight (kg) / height (m)2 (McArdle et al. 2001). Normal or ideal 
BMI is classified by WHO as 18.50 - 24.99, overweight as BMI � 25 and obese as 
BMI � 30 (WHO 2006b). BMI is often used by clinicians and researchers as it is a 
better gender-neutral tool for assessing “normality” than body weight 
(McArdle et al. 2001). BMI has at most a very small correlation with height; the 
exact relationship depends on the study population. BMI has been shown to 
correlate well with the amount of body fat (Revicki & Israel 1986), but it does 
not show the percentage or the distribution of body fat (McArdle et al. 2001). 
High BMI has been shown to increase the risk for many diseases (Guh et al. 
2009) and, for example, a curvilinear relationship has been found between BMI 
and all-cause mortality (Calle et al. 1999).  

According to the WHO, waist circumference (WC) is measured at “the ap-
proximate midpoint between the lower margin of the last palpable rib and the 
top of the iliac crest” (WHO 2008). Waist circumference is often used to estimate 
the amount of abdominal fat (Chan et al. 2003), as it has been found to correlate 
well (r=0.82, p < 0.001) with deep abdominal adipose tissue area (Despres et al. 
1991). High waist circumference is associated with premature death (Pischon et 
al. 2008) and chronic diseases, such as diabetes (Wang et al. 2005) and myocar-
dial infarction (Yusuf et al. 2005). These studies indicate that waist circumfer-
ence could be a better predictor of morbidity and mortality than BMI. Waist-hip 
ratio is also another anthropometric measure that has been used to describe fat 
distribution (WHO 2008); however, it is not studied in this thesis.  

2.3.1 Heritability of weight and waist circumference 

Differences in body composition are often related to individual behaviour, but 
they also have a genetic component. A large twin study across eight countries 
confirmed that genetics, non-shared environment and gender have an impor-
tant role in the variation in BMI (Schousboe et al. 2003), whereas shared envi-
ronment seems to have only little influence on body weight (Plomin et al. 2000). 
Although, according to a recent review, common environmental factors seem to 
have a substantial effect on variation in BMI in mid-childhood, at adolescence 
the effect dissapeared (Silventoinen et al. 2010). Family and twin studies have 
estimated the heritability of BMI to range between 0.39 and 0.86 (Fabsitz et al. 
1994, Austin et al. 1997, Maes et al. 1997, Hunt et al. 2002). A family study by 
Fox et al. (2005) found a heritability rate of long-term weight change of 0.24, 
while twin studies have estimated higher values for rate of change in BMI (Fab-
sitz et al. 1994, Hjelmborg et al. 2008, Ortega-Alonso et al. 2009). A review in 
2009 concluded that, according to twin studies, the heritability of BMI change in 
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adulthood is relatively high, varying from 0.57 to 0.86 (Silventoinen & Kaprio 
2009). Some studies have found that the contribution of genetic factors on 
weight gain and changes in BMI may increase over time (Austin et al. 1997, 
Goode et al. 2007, Hjelmborg et al. 2008). Heritability of waist circumference 
seems to have similar genetic variation as BMI and it has been found to vary 
between 0.48 and 0.78 (Schousboe et al. 2004, Nelson et al. 2006, Lee et al. 2010). 

Some twin studies have found that physical activity modified the herita-
bility of BMI and WC (McCaffery et al. 2009, Mustelin et al. 2009, Silventoinen 
et al. 2009). These studies show that high levels of physical activity decreased 
the additive genetic component in BMI and WC, suggesting that the effect of 
genes is diminished in physically active subjects. Conflicting results have been 
found when the interaction between physical activity and fat mass and obesity-
associated gene (FTO) has been studied. The FTO gene is associated robustly 
with BMI and waist circumference (Frayling et al. 2007, Scuteri et al. 2007, Loos 
& Bouchard 2008, Vimaleswaran et al. 2009).  Some recent studies have found 
that physical activity can attenuate the risk of obesity that is linked to variation 
in the FTO (Andreasen et al. 2008, Vimaleswaran et al. 2009); however, other 
studies with smaller number of participants did not find an interaction between 
FTO genotype and environment (Cornes et al. 2009) or physical activity 
(Hakanen et al. 2009, Liu et al. 2010). Also, in a large population-based follow-
up study, Li et al. (2010) looked at the effect of physical activity on the 12 alleles 
that are known be associated with increased BMI. They found that obesity in-
creased by 1.116-fold with each additional obesity-susceptibility allele, but that 
increase was 40% lower among active subjects than inactive subjects. Among 
inactive subjects, the obesity risk allele score increased weight gain in a pro-
spective setting, while among active subjects, the obesity risk allele score de-
creased weight gain; overall however, the risk allele score did not predict 
weight gain.  

 

2.3.2 Effect of physical activity on weight and waist circumference 

Since the genetic pool changes slowly, the causes of the obesity epidemic are 
mainly environmental (Loos & Bouchard 2003, Lees & Booth 2004), and it has 
been suggested that sedentary lifestyle is at least as important as diet in the de-
velopment of obesity (Hill & Melanson 1999, Jebb & Moore 1999). Many ran-
domised controlled intervention studies have shown that physical activity is an 
important tool in weight loss (Shaw et al. 2006, Brown et al. 2009, Wu et al. 2009, 
Witham & Avenell 2010) although, reviews and meta-analyses of randomized 
trials seem to show that exercise alone results in only minor weight loss. How-
ever, when physical activity was accompanied with changes in diet, the results 
were better than those obtained by exercise or diet-induced weight loss alone. 
The evidence on the prevention of weight gain over time by physical activity 
seems to be conflicting. A recent multicenter study by Ekelund et al. (2011), in-
volving participants from 9 European countries, found that baseline physical 
activity was not significantly associated with weight change among any of the 
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participants during a 5-year follow-up. However, that study and a few other 
studies have indicated that this relationship could be different according gender, 
age and baseline weight status. Physical activity was not associated with 
smaller weight gain in older overweight or obese subjects (Lee et al. 2010, Eke-
lund et al. 2011), whereas, high physical activity predicted lower gain in body 
weight in normal weight younger (�50 years) men and women (Ekelund et al. 
2011) and in normal weight middle age (�65 years) women (Lee et al. 2010). 
Hankinson et al. (2010) studied young adults moving to middle age during a 
20-year follow-up and found that a high physical activity level for 20 years was 
associated with slower weight gain when compared to the low-activity group, 
although more clearly in women (6.1kg difference in weight gain between high 
and low activity) than in men (2.6kg). Fogelholm and Kukkonen-Harjunen con-
cluded (2000) that only large volumes of activity were associated with any 
amount of weight gain. Similar results have also been shown in the newer and 
larger follow-up studies (Hankinson et al. 2010, Lee et al. 2010).  

One explanation for the possible influence of diet or physical activity hab-
its on obesity is epigenetics. These habits (for example inactivity) might change 
the rate of transcription or translation of obesity-related genes and therefore 
increase obesity (Franks & Ling 2010). As explained by Bird 2007, in epigenetics, 
changes occur in gene function but these cannot be explained by changes in 
DNA sequence, and therefore the changes in phenotype are due to interaction 
between genes and the environment (Franks & Ling 2010). However, as Franks 
and Ling 2010 pointed out, it is still not possible to confirm whether such 
changes occur until after the development of obesity.  

A twin study investigated the effect of physical activity on visceral and 
abdominal subcutaneous fat using MRI (Leskinen et al. 2009). In that study no 
differences were observed in weight or BMI between inactive and active co-
twins, but significant results were seen in visceral and abdominal subcutaneous 
fat, even after controlling for genetic liability and childhood environment. Thus 
far, waist circumference has been a more commonly used measurement in epi-
demiological studies; however the evidence on reductions in waist circumfer-
ence with physical activity seems to be conflicting. A review summarizing the 
results from some randomised controlled studies found that physical activity is 
an important tool in reducing waist circumference (Kay & Fiatarone Singh 2006). 
Some observational studies have not found any preventive effect of physical 
activity on increases in waist circumference (Hughes et al. 2004, Sternfeld et al. 
2004, Berentzen et al. 2008) and some studies have found only small preventive 
effect of baseline or increased physical activity on waist circumference (Koh-
Banerjee et al. 2003, Barengo et al. 2006). However, some recent large prospec-
tive follow-up studies show that high levels of physical activity are significantly 
and inversely associated with changes in waist circumference in both men and 
women, even after adjustment for baseline body weight (Hankinson et al. 2010, 
Ekelund et al. 2011). Similar results have also been seen among young monozy-
gotic twins, where physical inactivity was a strong predictor of BMI-adjusted 
abdominal obesity (Pietilainen et al. 2008). In a study by Hankinson et al. (2010) 
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physical activity habits were recorded five times during a 20-year follow-up. 
They found that men who maintained high activity for 20 years gained 3.1 cm 
less in waist circumference than the low-activity group, and women who main-
tained high activity gained 3.8 fewer centimetres.  

As the accumulating evidence on whether the rate of weight gain and in-
creases in waist circumference are reduced by physical activity still seems to be 
conflicting, more long-term studies are needed; in particularly studies that con-
trol for different associated factors, such as genes and childhood environment.  

2.4 Genetic and environmental influences on type 2 diabetes 

Type 2 diabetes (T2D), also previously called non-insulin-dependent diabetes 
mellitus or adult-onset diabetes, is the most common type of diabetes, account-
ing for about 90% of all diabetes cases (Guyton & Hall 2000, WHO 2011a). Type 
2 diabetes has become a significant worldwide health problem. In 2004, it was 
estimated that around 170 million people worldwide had type 2 diabetes (Wild 
et al. 2004), but to date worldwide figure has already increased to around 220 
million people (WHO 2011a). This increase in type 2 diabetes is most likely due 
to the obesity epidemic, as it has been well established that obesity (Chan et al. 
1994, Carey et al. 1997) and physical inactivity (Helmrich et al. 1991, Manson et 
al. 1991) are the main risk factors for type 2 diabetes.  

Type 2 diabetes is caused primarily by a combination of increased hepatic 
glucose production, diminished insulin secretion and impaired insulin sensitiv-
ity (insulin resistance), leading to increased plasma insulin levels and glucose 
concentration (Guyton & Hall 2000, Kuzuya et al. 2002, Stumvoll et al. 2005). 
Obesity, especially abdominal obesity, is strongly associated with insulin resis-
tance, as it is linked to many mechanisms in the body that lead to insulin resis-
tance (Stumvoll et al. 2005). One such mechanism is increased circulation of free 
fatty acids (FFA), which ultimately leads to insulin resistance in skeletal muscle 
and liver (Boden & Shulman 2002). The prevention of type 2 diabetes is very 
important as over time type 2 diabetes is a risk for many microvascular (reti-
nopathy, nephropathy and neuropathy) and macrovascular (ischaemic heart 
disease, stroke and peripheral vascular disease) complications and is also asso-
ciated with reduced life expectancy and diminished quality of life (WHO 2006a).  

2.4.1 Heritability of type 2 diabetes 

Type 2 diabetes has been shown to be an environmental and lifestyle associated 
disease, but it also has a genetic component (Barroso 2005, Malecki & Klupa 
2005). A study by Meigs et al. (2000) found that diabetes risk was 3.5-fold 
higher for persons with one diabetic parent and 6-fold higher for those with 
two diabetic parents compared with offspring without parental diabetes. Ac-
cording to a review article by Barrosso (2005), several twin studies have shown 
that concordance rates among MZ twins vary widely between 0.2 and 0.9 while 
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in DZ twins the range is smaller, varying between 0.10 and 0.43. Higher con-
cordance values indicate genetic involvement in the aetiology of type 2 diabetes. 
However, the interpretation of concordance rates is dependent on the preva-
lence of type 2 diabetes in the study population, and the nature of the study 
(cross-sectional vs prospective). The best studies are prospective and have a 
large population-based sample, as in the studies by Kaprio et al. (1992) and 
Lehtovirta et al. (2010). These studies found that MZ twins are more concordant 
for type 2 diabetes than DZ twins as the proband-wise concordance for MZ 
pairs is 0.34–0.41 compared with 0.16–0.19 in DZ twins (Kaprio et al. 1992, 
Lehtovirta et al. 2010), with heritability estimates in excess of 70%. 

Although as shown earlier, type 2 diabetes has high heritability, it is only 
during the past few years that progress in genome-wide association studies 
(GWASs) has resulted in the discovery of approximately 20 gene variants asso-
ciated with T2D (De Silva & Frayling 2010). It is well known that increased BMI 
and waist circumference are associated with increased risk for type 2 diabetes 
(Vazquez et al. 2007), and it is reasonable to assume, therefore, that these condi-
tions have some similar genetic background. Some studies, for example, have 
found that the FTO gene, which has been shown to be linked to obesity, also 
predisposes to type 2 diabetes (Frayling et al. 2007, Andreasen et al. 2008). Li et 
al. (2011) showed a similar trend with some other obesity-linked SNPs. How-
ever, in all of these studies the association seemed to be mediated by the effect 
of increased fat mass, as the association disappears when adjusting for BMI. 
Lehtovirta et al. (2010) also showed in twin data that shared genetics only partly 
explains the association between diabetes risk and obesity. Consistent with this, 
most of the new genes identified are specific to BMI (Speliotes et al. 2010) and 
specific to type 2 diabetes (Voight et al. 2010). Vimaleswaran and Loos (2010) 
concluded that altogether 19 loci for common obesity have been identified and 
18 for common type 2 diabetes, but that the combined contribution of these loci 
to the variation in obesity and diabetes risk seems to be small. 

2.4.2 Effect of physical activity on preventing type 2 diabetes 

Although genetic elements are clearly involved in the pathogenesis of type 2 
diabetes, lifestyle and overeating seem to be the triggers for developing the 
condition (Stumvoll et al. 2005). Many randomized controlled studies have 
shown that type 2 diabetes is preventable by changing lifestyles among high-
risk individuals (Pan et al. 1997, Tuomilehto et al. 2001, Knowler et al. 2002, 
Ramachandran et al. 2006). These lifestyle interventions included changes in 
both diet and physical activity and they aimed for weight reduction.  Uusitupa 
et al. (2011) summarised the results from both randomized trials and implemen-
tation studies and showed that the prevention of type 2 diabetes with lifestyle 
changes is possible also in a “real life” setting, as reduction in body weight with 
lifestyle changes of 5% resulted in a 60-70% reduction in diabetes risk. They also 
concluded that the preventive effect was sustained for many years after the in-
tervention had finished (Uusitupa et al. 2011). However, randomized controlled 
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trials are often conducted on subjects with high risk for the studied condition 
and therefore the results might not be generalisable to the general population.  

Many prospective follow-up studies (Hu et al. 1999, Folsom et al. 2000, Hu 
et al. 2003, Demakakos et al. 2010) and one randomized controlled trial (Pan et 
al. 1997, Tuomilehto et al. 2001) have shown that physical activity has an inde-
pendent role in the prevention and treatment of type 2 diabetes. The only ran-
domized controlled study that included a physical activity group without other 
lifestyle modifications was randomized by clinic rather than by subject (Pan et 
al. 1997). Laaksonen et al. (2005) carried out post hoc analyses from the Finnish 
Diabetes Prevention study on the role of LTPA in prevention of diabetes. Ac-
cording to this originally randomized controlled trial, the subjects who in-
creased their LTPA most were 63–65% less likely to develop diabetes. Recently, 
many reviews have summarized the results from observational studies and 
these reveal that both moderate and vigorous physical activity can prevent type 
2 diabetes (Jeon et al. 2007, Gill & Cooper 2008, Physical Activity Guidelines 
Advisory Committee 2008). A meta-analysis of 10 prospective cohort studies 
concluded that moderate intensity physical activity decreased the risk of type 2 
diabetes as BMI-unadjusted RR was 0.69 (95% CI 0.58–0.83) and BMI-adjusted 
RR was 0.83 (0.76–0.90) (Jeon et al. 2007). The follow-up periods in these studies 
were between 4 and 17 years. The Physical Activity Guidelines Advisory Com-
mittee (2008) in America summarized the results on the associations between 
physical activity and prevention of type 2 diabetes in 2008. According to their 
report, the dose-response relationship for type 2 diabetes prevention varied 
from any amount of activity to as high as vigorous exercise. However, they con-
cluded that 150 minutes per week or 30 minutes of moderate intensity exercise 
preferably daily appears to be sufficient to prevent type 2 diabetes. There is also 
evidence that even low intensity activity only once a week might be associated 
with reduced type 2 diabetes risk especially in older adults (Demakakos et al. 
2010).  

A recent review by Qin et al. (2010) studied the evidence of both obesity 
and physical inactivity and their interaction on type 2 diabetes risk. They found 
a positive interaction between these two variables and that obesity was a 
stronger independent risk factor than physical inactivity for type 2 diabetes. 
Interestingly, they also found that the joint effect of obesity and physical inac-
tivity was larger than the sum of the individual effects, meaning that� the risk for 
type 2 diabetes in individuals who are both obese and physically inactive is 
greater than would be expected if the effect of obesity and physical inactivity 
are summed (Qin et al. 2010). 
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2.5 Genetic and environmental influences on other health-related 

measurements  

2.5.1 Heritability of other health-related measurements 

Different medical conditions are a result of genetic and environmental factors in 
different proportions. A genetic component may play an indirect role in ac-
counting for the relationship between physical activity and chronic disease as 
well as directly explaining the studied variable. A review by Casas et al. (2006) 
clearly demonstrated that coronary artery disease (CAD) has a genetic compo-
nent and that different risk factors for CAD have high heritabilities; for example 
LDL and HDL heritabilities range between 0.5 and 0.6. Significant genetic influ-
ences on cholesterol levels, smoking and hypertension have been repeatedly 
reported (Batra et al. 2003, Kupper et al. 2005, Casas et al. 2006). These heritabil-
ity estimates are population and time-specific, depending on the gene pool and 
the environmental factors present in the population. Thus, it is good to remem-
ber that even high heritability does not mean that the trait is genetically deter-
mined and unchangeable. As stated earlier, twin studies have shown that age at 
death from CAD has a strong genetic component, particularly early onset of 
CAD (Marenberg et al. 1994). Heritability of blood pressure varies between 30% 
and 70% (Fagard et al. 1995, Evans et al. 2003, Hernelahti et al. 2004). The ge-
netic contribution to the variance in liability to asthma has been found to be 
high among Finnish twins, with heritability of around 70% in adolescence (La-
itinen et al. 1998), but lower in adulthood (Nieminen et al. 1991). A meta-
analysis showed that the heritability of major depression is likely to be within 
the range 31–42% (Sullivan et al. 2000).  

Different musculoskeletal conditions and injuries have varying genetic 
components. For example, in twin and family studies the heritability of os-
teoarthritis has been estimated from to be 44-50% or more, varying slightly ac-
cording to the different site of the body (Spector et al. 1996, Spector & MacGre-
gor 2004). Low back pain has been shown to have a heritability between 30% 
and 52% (MacGregor et al. 2004, Battie et al. 2007, Nyman et al. 2010). Some 
studies have suggested that sport-related injuries, such as tendon and ligament 
injuries might also have a genetic component (September et al. 2007). 

2.5.2 Effect of physical activity on other health conditions 

Observational follow-up studies have provided substantial evidence among 
adults that, in addition to the effects already mentioned, physical activity plays 
an important role in the prevention of several chronic diseases, such as cardio-
vascular disease (CVD), stroke, coronary heart disease (CHD), hypertension, 
metabolic syndrome, and colon and breast cancer (Kesäniemi et al. 2001, War-
burton et al. 2006, Physical Activity Guidelines Advisory Committee 2008). 
There is strong evidence that physical activity improves cardiorespiratory and 
muscular fitness, prevents falls and reduces depression, and moderate evidence 
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that physical activity lowers hip fracture risk, increases bone density and sleep 
quality and lowers risk for some other types of cancers (Physical Activity 
Guidelines Advisory Committee 2008). The effects of exercise participation or 
leisure-time physical activity on psychological health have been investigated in 
many studies. A study by Stubbe et al. (2007) found that exercise participation 
was associated with higher levels of life satisfaction and happiness, but this was 
not seen in twin pairs.  

Although physical activity has many positive outcomes for health, the 
most severe adverse effect of physical activity or exercise training is the risk of 
sudden coronary death or other acute coronary events. These are mainly seen in 
vigorous activity and in older persons with latent or diagnosed atherosclerotic 
artery disease and who have not exercised regularly (Corrado et al. 2006). The 
more common adverse effects of leisure physical activity are an increased rate 
of musculoskeletal injuries (Hootman et al. 2002). For example, it is well docu-
mented that endurance training, and especially running, can lead to overload 
injuries of muscle, tendon, and bone (Cosca & Navazio 2007). However, the 
evidence on whether running causes hip or knee osteoarthritis remains still con-
flicting as some studies have found that running can increase the risk of os-
teoarthritis of these sites and others have found no such association (Cymet & 
Sinkov 2006). Hootman et al. (2002) studied an American adult population with 
variety of activity level at baseline and found that 25% of all participants re-
ported at least one musculoskeletal injury. Injuries were most likely among the 
younger and more active subjects and the knee was the most frequently re-
ported site of injury (Hootman et al. 2002). Another study by the same research-
ers observed a dose-response relationship between increasing leisure-time 
physical activity level and increasing incidence of self-reported injuries related 
to sport or leisure-time activities (Carlson et al. 2006). 

2.6 Twin study designs 

Twin studies are a useful way of studying the net effect of genes and environ-
ment, especially for complex disorders and behavioural traits (Plomin et al. 
2000, Boomsma et al. 2002). Twins can be either monozygotic (MZ), known as 
identical twins, or dizygotic (DZ) known as fraternal twins. MZ twins have the 
same genomic sequence, but may already differ in their epigenome, while DZ 
twins are as alike as full siblings genetically (but experience the same preg-
nancy and are of the same age). Twin data can be used to estimate genetic and 
environmental contributions to individual differences in phenotypic traits, and 
the estimates are based on variances and covariances in MZ and DZ pairs 
(Derks et al. 2006). The classical twin study design is based on three assump-
tions for twins reared together. The first refers to the additive and dominant 
genetic effects that show a correlation of 1 for both in MZ twin pairs and 0.5 for 
additive and 0.25 for dominant effects in DZ twin pairs and are derived from 
basic principles in quantitative genetics, assuming random mating and absence 
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of gene-environment interactions (Thomas 2002). The second and third assump-
tions relate to the environment. The second is the equal environment assump-
tion (EEA), in which the estimation of genetic and environmental effects is 
based on the assumption that environmental influences are shared to the same 
extent by both types of twins reared in the same family; early childhood envi-
ronment is an example of EEA. In the third, the nonshared environmental ef-
fects do not correlate in MZ and DZ twin pairs, and hence are called unique 
environmental effects� (Plomin et al. 2000, Derks et al. 2006). According to these 
assumptions if MZ pairs are more alike in a set phenotype, for example in 
weight or a disease like schizophrenia, than DZ pairs, then it can be assumed 
that genetic factors are important for the trait. However, if both types of twin 
pairs are similar, environmental attributes can be found. Using the above corre-
lations, heritability estimates of different traits can be calculated, but these refer 
to the genetic contribution to individual differences on the population level and 
not to a single individual (Plomin et al. 2000). Heritability also only refers to a 
particular trait in a studied population at a certain time. Even if a genetic influ-
ence is found for a complex trait, like type 2 diabetes, environmental factors are 
not unimportant (Plomin et al. 2000) and might serve as trigger for developing 
the condition (Stumvoll et al. 2005). 

Another important assumption relates to generalisability. It is assumed in 
twin studies that the co-twins themselves do not differ from the singletons and 
that the studied traits in twins do not differ from those in singletons (Plomin et 
al. 2000). In general, twins are considered to be similar to the other people in the 
same birth cohort in the same nation and no clear evidence has been found that 
deviations in the assumptions impair the ability to interpret or generalise from 
twin studies (Kyvik 2000), although it is known that twins are often born three 
to four weeks premature (Plomin et al. 2000) and weigh about 600 - 1000 g less 
than singletons at birth (Kyvik 2000, Loos et al. 2005), with DZ twins weighing 
slightly less than MZ twins at birth (Loos et al. 2005). Some twin studies have 
shown that twins have same prevalence of several diseases and the same mor-
tality as the general population (Kyvik 2000). However, it has been hypothe-
sised that low birth weight might be a cause of some diseases. De Silva and 
Frayling (2010) point out that many epidemiological studies have found an as-
sociation between reduced birth weight and the development of type 2 diabetes. 
Nevertheless, De Silva and Frayling (2010) go on to state that the cause of the 
association between reduced foetal growth and adverse metabolic traits in later 
life is not known, both environmental and genetic causes being possible. Ac-
cording to a recent meta-analysis, birth weight is also associated with leisure-
time physical activity, with both low and high birth weights being associated 
with lower probability of undertaking LTPA (Andersen et al. 2009). Overall, 
this low birth weight is related to the concept of the developmental origins of 
health and disease. According to the current literature, the phenotype and 
and/or epigenetic state of offsprings is affected by uterus conditions, such as 
maternal nutrition and stress, maternal size, parity and maternal age (Gluck-
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man et al. 2011) and therefore to some extent the future health status might be 
coded in humans in the very early stages of life. 

The co-twin control study is one type of twin study design (Gesell 1942). 
Studies of this type are very effective for studying different traits and different 
environmental risk factors, if the studied trait is heritable (Duffy 2000). In par-
ticular, MZ pairs are ideal for carrying out case-control studies as they are iden-
tical in their genetic background and also, usually, in their childhood environ-
ment (Boomsma et al. 2002), and thus these confounding factors are automati-
cally controlled for. In an experimental co-twin control study one member of a 
MZ pair undergoes a particular treatment, for example receives a vitamin C 
supplement, and is then compared to the untreated control co-twin (Gesell 1942, 
Duffy 2000, Boomsma et al. 2002). In twins, observational co-twin control stud-
ies are longitudinal studies of a cohort of twin pairs discordant for the assumed 
disease exposure risk factor and then followed for a period of time to record the 
occurrence of disease (Duffy 2000, Kujala et al. 2002). Studies with twin pairs 
discordant for health behaviour, such as physical activity, are called co-twin 
control studies.  

The evidence on the effects of physical activity on different health condi-
tions is currently based on randomized controlled intervention studies and ob-
servational follow-up studies. However, the existing intervention studies have 
often had small sample size and short follow-ups, while the larger observa-
tional studies might have had unclear cause-and-effect evaluation due to con-
founding factors and genetic selection bias (Kujala 2011). In this thesis, to be 
able to tackle the issue of genetic selection bias in an observational study, the 
effects of physical activity on different health outcomes are studied among twin 
pairs.  
  



  
 

3 AIMS OF THE STUDY 

The purpose of this study was to examine the sum effect of leisure-time physi-
cal activity on health. The main aim was to find out whether persistent leisure 
physical activity, adjusted for genes and childhood environment, protects 
against chronic disease, metabolic syndrome related conditions or mortality. In 
detail, the specific aims were: 
 
To examine whether baseline leisure-time physical activity is associated with 

1. decreased all-caused mortality (study I) 
2. decreased type 2 diabetes risk (studies I, II and IV) 
3. slower  weight gain and smaller waist circumference (study III) 
4. fewer chronic diseases, less use of medication and lower fre-

quency of other related measurements, such as dyspnea and hos-
pital use (studies I and II) 

 
 



  
 

4 PARTICIPANTS AND METHODS 

This thesis is based on a prospective follow-up design and most of the analyses 
have been carried out as a co-twin control design. All the baseline study materi-
als are based on the older Finnish Twin Cohort, which is a questionnaire based 
study conducted initially in 1975 and 1981 (Kaprio & Koskenvuo 2002). Either 
the 1975 (study IV) or both the 1975 and 1981 (studies I, II and III) studies were 
used as the baseline for all of the analyses presented in this thesis. For one study 
(IV), the participants were followed for 28 years from 1975 to study the devel-
opment of type 2 diabetes. In the other three studies (I, II, III), the participants 
were comprehensively selected from the 1975 and 1981 baseline cohorts to be 
followed for 24 years. These three studies use co-twin control design. Figure 2 
shows all the studies and how they are linked to the baseline cohort in 1975.  

 

 

FIGURE 2  Datasets and participants in each study (for more details see figure 3). 
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4.1 Subjects 

The Finnish Twin Cohort consists of virtually all the same-sex twin pairs born 
in Finland before 1958 and with both co-twins alive in 1967 (Kaprio & Kosken-
vuo 2002). These twin pairs were identified from the Central Population Regis-
try of Finland in 1974. Between August and October 1975, a baseline question-
naire was sent out to twin pairs with both members alive. The total number of 
twin pairs with was 12 069 at the beginning of the prospective follow-up. A 
second set of similar questionnaires was sent out to all twin pairs in 1981 
(Kaprio & Koskenvuo 2002). Among those for whom addresses were known 
(93.5 percent of subjects) in 1975, the response rate for twin pairs was 87.6 per-
cent. The corresponding response rate among those responding in 1975 and 
alive in 1981 was 90.7 percent. Determination of zygosity was based on an accu-
rate and validated questionnaire method (Sarna et al. 1978).  

For the co-twin control studies (I, II, III), the initial inclusion criteria were 
employment (including women working at home and students) in 1981 and 
complete data on leisure-time physical activity, required for the MET index  
calculations (see explanation below), gathered by postal surveys at baseline in 
1975 and 1981. The subjects were between 24 to 60 years of age on January 1, 
1982 and comprised 17 968 individuals (Kujala et al. 2002). All pairs in which at 
least one of the twins did not respond to both questionnaires, had died or had a 
chronic disease, except hypertension, by the end of 1982 were excluded (Kujala 
et al. 2002). The healthy cohort comprised 5 663 same-sex twin pairs (3 551 
dizygotic, 1 772 monozygotic and 340 pairs with unknown zygosity) (Kujala et 
al. 2002). Among these 5 663 twin pairs, 146 pairs were discordant for leisure-
time physical activity for both participation in vigorous activity and volume 
(calculated by intensity x duration x frequency) of activity in both 1975 and 
1981 (Figure 3). These 146 discordant pairs were included in the mortality as-
sessment at the end of 2004. The mean age of the subjects was 38.1 years at the 
beginning of the follow-up (1.1.1983). The final study cohort for the mortality 
assessment (146 pairs) consisted of 65 male and 81 female pairs, of which 29 
were monozygotic, 116 dizygotic and one of uncertain zygosity. 

After the mortality assessment, a telephone interview follow-up study was 
carried out in 2005 among the surviving twin pairs. To be included in the inter-
view, it was required that both co-twins were known to be living in Finland and 
spoke Finnish as their native language, which resulted in the exclusion of 12 
pairs. The interview study sample at the 2005 follow-up comprised 111 twin 
pairs, as only those pairs were included in which both twins were still alive. An 
attempt was made to contact all 222 subjects. Of these, 203 subjects (95 complete 
pairs, 54 female and 41 male) took part in the interview, as one co-twin died 
during the interview period and 18 did not participate (Figure 3). The mean age 
of the subjects was 58 years (range 47 to 79) at interview. Those 203 subjects 
consisted of 89 twin pairs (40 male, 49 female, 72 DZ, 17 MZ pairs) who had 
completed all the physical activity questions in the telephone interview in 2005. 
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Finnish Twin Cohort subjects (n=17 968) who  
• Were at work in 1981 (including women working 

at home and students) 
• Complete questionnaire data on their intensity of 

leisure physical activity in 1975 and 1981 
• Were aged 24 to 60 years on January 1, 1982  

→ 

Cohort members who had a chronic 
disease as of January 1983 (n=2064) 

↓  
Apparently healthy at the end of 1982, n=15 904 indi-
viduals → 

Due to diseases, deaths and non-
responses to questionnaires, 4578 of the 
subjects did not have a co-twin 

↓  
Same-sex twin pairs by zygosity, 5663 pairs:  
• 3551 DZ pairs 
• 1772 MZ  
• 340 pairs whose zygosity was unknown 

→ 
Pairs not persistently discordant for lei-
sure-time physical activity (same direc-
tion; participation in vigorous activity 
and volume of activity) (n=5517 pairs) 

↓  
FINAL NUMBER OF SUBJECTS FOR MORTALITY 
AND REIMBURSED MEDICATION ANALYSIS  
146  pairs, twin pairs discordant for leisure physical 
activity in 1975 and 1981(Study I) 
• 114 DZ  
• 28 MZ 
• 4 pairs unknown zygosity  

→ 
24 subjects had died before the end of 
2004. 

 

↓  
TARGET GROUP FOR THE INTERVIEW 
246 subjects (123 pairs) alive end of 2004 
• 94 DZ 
• 25 MZ 
• 4 pairs unknown zygosity 

→ Swedish speaking twins were not con-
tacted (6 pairs – 4 DZ and 2 MZ pairs) 
Twins living abroad were not contacted 
(6 pairs – 3 DZ, 2 MZ pairs and 1 pair 
unknown zygosity) 

↓  
TARGET GROUP FOR THE INTERVIEW 
Attempt to contact 222 subjects (111 pairs) 
• 87 DZ  
• 21 MZ 
• 3 pairs unknown zygosity (were identified later) 

→ One twin had died during the interview 
period, 18 did not participate in the in-
terview: 
• 13 declined 
• 1 not able to contact  
• 4 could not participate due to an 

illness 
↓  

FINAL NUMBER OF SUBJECTS AFTER INTERVIEW 
203 subjects participated, 95 complete pairs (study II) 
• 76 DZ 
• 19 MZ 

→ Subjects without complete physical activ-
ity data at follow-up 

↓ 
FINAL NUMBER OF SUBJECTS FOR WEIGHT AND 
WAIST STUDY (study III) 
89 pairs complete physical activity data 
• 72 DZ  
• 17 MZ  

↓ 
SUBGROUP  
42 pairs discordant for 30 years (study III) 
• 37 DZ 
• 5 MZ 

FIGURE 3  Subject selection for the telephone interview (studies I, II, III). Right column 
shows excluded participants.  
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To study type 2 diabetes further in a large sample, the baseline cohort of 1975 
was followed until end of 2004 for type 2 diabetes incidence. For the diabetes 
study (study IV), all subjects with diagnosed diabetes at baseline, those of unde-
fined zygosity and those who had moved abroad before 1976 were excluded. 
The cohort consisted of 23 585 individuals for whom self-reported baseline data 
were available on education, social and occupational class, alcohol consumption, 
physical activity and BMI (Lehtovirta et al. 2010). To be included in the final 
study sample, comprehensive physical activity information for the MET index 
calculations (see explanation below) was required. Therefore, the final cohort 
included 20 487 individuals, of whom 9 842 were male and 10 645 female, and 6 
399 MZ and 14 088 DZ twin individuals. The cohort consisted of 8182 complete 
sets of twin pairs (2 627 MZ pairs and 5 555 DZ pairs). To remove the confound-
ing factors due to disease, a subgroup of 13 291 presumably healthy individuals 
was also studied. Subjects with chronic diseases (such as angina pectoris, MI, 
stroke, diabetes, CVD, COPD and malignant cancer) affecting weight and abil-
ity to engage in leisure-time physical activity prior to 1982 had been identified 
by a questionnaire in 1981 and by medical records as described in detail else-
where (Kujala et al. 1998). Type 2 diabetes (Glumer et al. 2003) and some other 
diseases can remain subclinical and undiagnosed for some time after the first 
onset of symptoms. Therefore a six-year period was set in order to ensure that 
any undiagnosed cases in 1975 would have been diagnosed by 1981. Thus, a 
true cohort of subjects free of clinical co-morbidities was obtained.  

4.2 Assessment of baseline predictors  

The subjects were mailed similar questionnaires in 1975 and 1981. These ques-
tionnaires included questions on weight, height, physical activity, occupation, 
alcohol use, smoking and physician-diagnosed diseases. Physical activity habits 
elicited by identical questions in 1975 and 1981 were used as the baseline pre-
dictor in the present study.  

4.2.1 Leisure-time physical activity 

Assessment of vigorous physical activity was based on the following question:  
 
Is your physical activity during leisure-time about as strenuous on average as:  
1) walking  
2) alternately walking and jogging  
3) jogging  
4) running  

 
Those who chose 2, 3 or 4 were classified as engaging in vigorous activity. As-
sessment of volume of activity (MET index) was based on a series of structured 
questions on leisure-time physical activity (mean duration, monthly frequency 
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and mean intensity of sessions) and activity during work journeys. Leisure-time 
physical activity was explained in the questionnaire as “activity which does not 
occur at work or on the way to work” (Kaprio et al. 1978). The following ques-
tions were used for the MET index calculation: 

 
How long does the physical activity last at one session on average: 
a) less than 15 minutes (class midpoint 7.5) 
b) 15 min – less than 30 min (22.5) 
c) 30 min – less than 1 hour (45) 
d) 1 hour – less than 2 hours (90) 
e) over two hours (120) 
 
Presently how many times per month do you engage in physical activity during 
your leisure time: 
a) less than once a month (class midpoint 0.5) 
b) 1-2 times per month (1.5) 
c) 3-5 times per month (4) 
d) 6-10 times per month (8) 
e) 11-19 times per month (15) 
f) more than 20 times per month (20) 
 
For the intensity of a session the same question was used as for vigorous activity, 
but following MET values were included for the alternatives: 
a) walking  (corresponding to 4 MET) 
b)  alternately walking and jogging (6 MET) 
c) jogging (10 MET) 
d) running (13 MET) 

 
The following question was asked about physical activity during journeys to 
and from work: 

 
How much of your daily journey to work is spent in walking, cycling, running 
and/or cross-country skiing? 
a) less than 15 min (class midpoint 7) 
b) 15 min – less than an half an hour (22) 
c) half an hour to less than an hour (45) 
d) hour or more (75) 
e) I am presently not at work (0) 

 
The MET index was calculated by assigning a multiple of resting metabolic rate 
(MET value as indicated above) and by calculating the product of activity, i.e. 
intensity x duration x frequency (Kujala et al. 1998). Physical activity during 
work journeys was calculated with a similar formula. A MET value of 4 and 
frequency of 5 times per week were used for the work journey calculations. The 
MET index was expressed as the sum-score of leisure MET hours/day. One 
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MET hour/day corresponds to approximately 30 minutes of slow walking 
every other day.  

For the mortality follow-up study (study I) and the telephone interview 
study (studies II and III), twin pairs were comprehensively selected from the 
entire Finnish Twin Cohort on the basis of leisure-time physical activity discor-
dance. All twin pairs from the entire cohort were selected who were LTPA dis-
cordant for both participation in vigorous activity and volume of activity (MET 
index) in 1975 and 1981. For this comprehensive selection of discordant twin 
pairs (146 pairs) a 2 MET hours/day borderline was set for the volume of activ-
ity (about 30 minutes of slow walking per day). Those subjects whose volume of 
activity was ≥2 MET hours/day and participated in vigorous activity were clas-
sified as physically active compared to their inactive co-twins whose level of 
activity was < 2 MET hours/day and did not participate in vigorous activity.  

For the type 2 diabetes analyses (study IV), the MET index established was 
divided into quintiles. The same quintiles were used as in an earlier study on 
mortality (Kujala et al. 1998):  

Quintile I: < 0.59 MET hours/day,  
Quintile II: 0.59 to < 1.30,  
Quintile III: 1.30 to < 2.50,  
Quintile IV: 2.50 to < 4.50  
Quintile V: > 4.50.  

For further analyzes the index was dichotomised as sedentary <0.59 MET 
hours/day (Quintile 1) and active >0.59 MET hours/day (combined Quintiles 
II-V) subjects.  

At follow-up, physical activity was assessed in the telephone interview; 
for details, see chapter 4.3.1. 

4.2.2 Covariates 

For the analyses, self-reported BMI, smoking status, use of alcohol, work-
related physical activity, age and sex at baseline in 1975 or 1981, depending on 
the study, and social class in 1975 were used as covariates. Baseline weight and 
height were used to calculate BMI. Smoking status was coded into four catego-
ries (never smoked, former smoker, occasional smoker, and current (daily) 
smoker) determined from responses to detailed questions on smoking history 
(Kaprio & Koskenvuo 2002). Pack-years of smoking was used to describe the 
lifelong dose of smoking, which was calculated as smoking 1 pack per day for a 
year (Kujala et al. 1998). Alcohol use was a dichotomous index of binge drink-
ing and defined by whether the subject had drunk at least five drinks on a sin-
gle occasion, at least monthly (Kaprio et al. 1987). Social class was a categorical 
variable with six categories (for categories see subject characteristics table), and 
the classification was based on job title according to the Central Statistical Office 
of Finland (Central Statistical Office of Finland 1972). Work-related physical 
activity was used as a categorical variable with a four-point ordinal scale (Ku-
jala et al. 2002).  
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4.3 Follow-up assessments 

For the follow-up outcomes, register information (type 2 diabetes, mortality and 
some other conditions) and telephone interview data were used. The partici-
pants were informed about the purposes of the overall cohort study when given 
the baseline questionnaire� in 1975. By responding to the questionnaire, partici-
pants also gave their informed consent for future register follow-ups. The re-
cord linkages were approved by the appropriate authorities responsible for the 
registers and the Ethics Committee of the Department of Public Health, Univer-
sity of Helsinki. 

To participate in the telephone interview, the subjects were first sent an 
invitation letter, which was followed by a telephone interview in 2005. Subjects 
provided an informed consent to participate in the study and the ethics commit-
tee of the University of Jyväskylä approved the study. All outcome assessments 
(including interview and data entry) were carried out blinded to baseline status. 
Two experienced and trained interviewers interviewed at random one co-twin 
from each pair. The interview included questions on weight, height, waist cir-
cumference, physical activity habits, and occurrence of chronic diseases. The 
mean duration of the interviews was 50 minutes. 

4.3.1 Physical activity level 

The telephone interview included questions on current and past physical activ-
ity. Physical activity level was assessed by two sets of questions. The first, a 
shorter retrospective assessment (years 1980, 1985, 1990, 1995, 2000 and 2005) of 
participation in vigorous physical activity and physical activity volume (includ-
ing calculation of the MET index), used the same questions as in 1975 and 1981. 
To increase recall, subjects were asked to state their marital and work status for 
each year before the retrospective physical activity questions (Winters-Hart et al. 
2004). The mean MET index for all six measurements between 1980 and 2005 
was calculated. The intraclass correlation coefficient (ICC) between the ques-
tionnaire-based leisure-time physical activity MET index in 1981 and the inter-
view-based retrospective MET index in 1980 was 0.56 (p<0.001). 

The second, a detailed assessment of leisure-time physical activity volume 
over the previous 12 months (12-month MET index), was done using a modified 
version of the Kuopio Ischemic Heart Disease Risk Factor Study Questionnaire 
(Lakka & Salonen 1997). The assessment included questions on leisure-time 
physical activities (termed conditioning activities in earlier publications (Lakka 
& Salonen 1992)), physical activities during journeys to and from work as well 
as daily activities such as gardening and berry picking. Each activity included a 
question on monthly frequency, mean duration and mean intensity of sessions. 
The ICC between the shorter 2005 MET index and the detailed 12-month physi-
cal activity MET index was 0.68 (p<0.001) for leisure-time physical activity and 
0.93 (p<0.001) for work journey.  
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4.3.2 Mortality 

The mortality follow-up began on January 1, 1983, which allowed for a lag of 1 
year from the second physical activity assessment. The follow-up continued 
until December 31, 2004. 1 For mortality assessment, dates of death were avail-
able from the Population Register Centre of Finland. 
 

4.3.3 Anthropometric measurements 

In the interview, subjects were asked about their current height, weight and 
waist circumference. Previous studies have validated self-reported height and 
weight against measured values (Schousboe et al. 2003, Silventoinen et al. 2003). 
Change in weight was calculated by subtracting weight in 1975 or 1981 from 
weight in 2005. Body mass index (BMI, kg/m2) was calculated from self-
reported values. In another study of Finnish twins the correlation between self-
reported and measured BMI was very high (Mustelin et al. 2009).  

Subjects were sent a tape measure prior to the interview to measure waist 
circumference. They were asked to measure their waist circumference in the 
standing position according to an instruction clarified with a picture. The 
measurement was to be done at the narrowest part of the waist; if this could not 
be found, they were instructed to measure midway between the iliac crest and 
the lowest rib. In a separate validation study, a healthcare professional meas-
ured the subjects waist circumference blinded to the subjects’ (N=24) measure-
ments, and the ICC between these was 0.97 (p<0.001). 

4.3.4 Type 2 diabetes 

Type 2 diabetes was assessed in three different studies. Reimbursed medication 
data were analysed for the entire 1975 cohort (study IV) and for 146 pairs (study 
I), and type 2 diabetes and prediabetes (study II) were inquired about in the 
telephone interview in 2005. The data collection for study I is explained later in 
chapter 4.3.5. 

For study IV, the follow-up period for type 2 diabetes was from January 1, 
1976 to December 31, 2004. Type 2 diabetes information for 1976 – 1996 was col-
lected from death certificates, the National Hospital Discharge Register and the 
Reimbursed Medication Register of the Social Insurance Institution by linking 
this information to the personal ID assigned to all residents of Finland 
(Lehtovirta et al. 2010). The Social Insurance Institution of Finland (KELA) is the 
agency responsible for the provision of basic social security. KELA reimburses 
whole or part of the cost of essential medications to patients who are certified 
by a physician as having a diagnosed severe chronic disease, while reimburse-
ment for diabetes-related medications is 100% (The Social Insurance Institution 
of Finland 2010). Although the register is not sensitive to cases of mild diseases, 

                                                 
1 Note: paper I shows the results from the updated mortality data until the end of 2006. 
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it has very high validity and the possibility of false positive cases is unlikely 
(Kujala et al. 2003). The relevant medical records for 1976 - 1996 were reviewed 
and cases classified as type 2 diabetes, type 1 diabetes, gestational diabetes, sec-
ondary diabetes or other diagnoses, as described elsewhere (Kaprio et al. 1992, 
Lehtovirta et al. 2010). The date of onset of disease symptoms was determined 
and used in the analyses. The diabetes information for 1996 – 2004 was collected 
solely from the Reimbursed Medication Register and, given the age of the sub-
jects, presumed to be type 2 diabetes (Lehtovirta et al. 2010). For this period, the 
date of being granted the right to reimbursed medication was used in the analy-
sis as the date of disease onset. Cases of gestational diabetes were not included 
as medication for this type of diabetes is not eligible for reimbursement and 
therefore these cases were not included in the register (The Social Insurance 
Institution of Finland 2010).  

For study II, glucose intolerance (including type 2 diabetes) was assessed 
in the telephone interview in 2005 with a question: Has your doctor told you 
that you have diabetes? If subject answered 1) yes, type 2 diabetes or 2) no, but I 
have been told that I have elevated blood glucose (meaning either impaired 
glucose tolerance or impaired fasting glycaemia), they were classified as having 
diabetes or prediabetes. 

4.3.5 Type 2 diabetes, hypertension and CHD among 146 pairs 

To investigate type 2 diabetes, hypertension and coronary heart disease (CHD) 
among 146 twin pairs discordant for physical activity, reimbursed medication 
information was analysed. The reimbursed medication follow-up began on 
January 1, 1983, which allowed for a lag of one year from the second physical 
activity assessment, and the follow-up continued until December 31, 2004. Re-
imbursed medication information for all 146 pairs was obtained from the Social 
Insurance Institution of Finland, as explained above. The date of being granted 
the right to reimbursed medication was used in the analysis.  
 

4.3.6 Other health-related variables assessed by telephone interview 

The follow-up interview included a four-question dyspnea scale on whether the 
subject became breathless during walking and daily tasks (Rose & Blackburn 
1968). This was used as a categorical variable with 5 categories (0-4), where sub-
ject scored 0 if no “yes” answers were given, and 4 if all questions were an-
swered “yes”, indicating that person gets breathless very easily. The interview 
included a four-question scale for life satisfaction (LS) with sum scores ranging 
between 4 and 20, with an increasing score indicating a decrease in life satisfac-
tion (Koivumaa-Honkanen et al. 2002, Koivumaa-Honkanen et al. 2005). The life 
satisfaction scale has been found to correlate well (r>0.6) with the 21-item Beck 
Depression Inventory (Koivumaa-Honkanen et al. 2002). 

Physician-diagnosed diseases were elicited as follows: for example “Has 
your doctor told you that you have coronary artery disease?” or “Has your doc-
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tor told you that you have asthma?” and “If yes, at what age were you diag-
nosed with that particular disease?” Other chronic conditions requested were 
cardiac insufficiency, myocardial infarction, stroke, intermittent claudication, 
pulmonary emphysema, chronic bronchitis, COPD, gastric ulcer, depression. 
Similar questions were asked about presence of rheumatoid arthritis, os-
teoarthritis (knee, hip or other), sports-related injuries (achilles tendon inflam-
mation, other tendon inflammation, achilles tendon rapture, other tendon rap-
ture, meniscus injury, knee ligament injury, ankle ligament injury), sciatica, and 
tension neck. For blood pressure, a question with four alternatives was used: 
these were a) yes I have hypertension and I have medication for it, b) hyperten-
sion, but no medication, c) no hypertension, but occasionally high blood pres-
sure, d) normal blood pressure. Other physician-diagnosed diseases were as-
sessed with an open question: “Have you got any other physician-diagnosed 
diseases?” If the answer yes, they were asked “what disease/ diseases did you 
have and at what age was it diagnosed?”  

Hospital stay was investigated with the question “How many days have 
you spent in a hospital during the last 3 years?” The subjects were given the 
instruction to include nights, as outpatient visits were not included. Medication 
use was investigated with the question “Do you have any physician prescribed 
medications? If yes, what and what is the dose?” 

4.4 Statistical Methods 

4.4.1 Descriptive statistics 

All statistical analyses were performed by using SPSS (SPSS 12.0 and 14.0) and 
Stata (8.0 and 9.0) statistical software packages. In all the studies the level of 
significance was set at p<0.05 and all the p-values reported are two-sided. 

To compare differences between inactive and active co-twins in the out-
come measurements obtained by the telephone interview, paired samples t-test 
and McNemar’s test were used. All of these statistical analyses were based on 
pairwise tests. When studying the data on the occurrence of different diseases 
and health-related variables obtained by the telephone interview, most of the 
analyses were conducted for 95 twin pairs. The weight and waist circumference 
(study III) analyses were first conducted for 89 pairs (Figure 3), who had an-
swered all the physical activity questions at the follow-up. Secondly, the analy-
ses were carried out for 42 pairs who had remained consistently discordant for 
physical activity over the thirty-year follow-up and for 47 pairs who had not 
been consistently discordant (discordance not in the same direction at one or 
more time points). The main results are also reported by gender and zygosity. 
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4.4.2 Multivariate analyses 

In order to study mortality and some metabolic-related conditions in more de-
tail, multivariate analyses were used. Conditional logistic regression was used 
to determine odds ratios (OR) for likelihood of weight gain, obesity and differ-
ent chronic diseases. The Cox proportional hazard model was used to calculate 
hazard ratios (HR) with their 95% confidence intervals (CI) for mortality, type 2 
diabetes (studies II and IV), hypertension and CHD. The follow-up ended on 
December 31, 2004 or at emigration or death and for the disease analyses at the 
time when reimbursed medication status was granted. Both individual and 
pairwise analyses were used. In the individual level analyses, lack of statistical 
independence between co-twins was taken into account by computing robust 
variance estimators for cluster-corrected data (Williams 2000) to yield correct 
standard errors and p-values. 

First, for the mortality analysis, hazard ratios (HR) were calculated for 146 
physical activity discordant twin pairs. After that the model was adjusted for 
social class, smoking status and alcohol use at baseline by adding one covariate 
at the time into the model. Similar analyses were carried out for reimbursed 
medications for 146 pairs. All of these analyses were then carried out separately 
for MZ and DZ pairs. Three co-twins were excluded from all of the analyses, as 
they had emigrated before the follow-up start date, and 10 co-twins were ex-
cluded from the hypertension analyses, as these subjects had been granted hy-
pertension reimbursed medication before the follow-up start date. Inactive co-
twins were used as the reference group in all of the analyses.  

The hazard ratios for the incidence of type 2 diabetes (study IV) were es-
timated by the MET quintiles for the whole 1975 cohort. The inactive category 
(Quintile I: <0.59 MET hours/day) was used as the reference group. First, the 
regression model was run as an individual analysis and second, the analyses 
were done as pairwise analyses, in which the data were stratified by pair, and 
thus the risk estimates were within-pair estimates. For the individual analysis 
the regression model was adjusted for age and sex, and additionally for BMI. 
The pairwise analyses were controlled for by the study design for age and sex 
(co-twin control -design); however, the models were also adjusted for BMI and 
were run separately for MZ and DZ pairs, if the numbers permitted. The basic 
individual analysis was additionally adjusted for work-related physical activity, 
social class, use of alcohol and smoking.  



  
 

5 RESULTS 

5.1 Baseline subject characteristics 

In 1975, the mean leisure-time MET index for the 146 twin pairs was 4.59 MET 
hours/day for the active and 0.71 MET hours/day for the inactive co-twins 
(Figure 4). In 1981 the MET indices were slightly higher for both active and in-
active co-twins. The mean difference in the MET index between inactive and 
active co-twins was 3.88 MET hours/day in 1975 (paired t-test, p<0.001) and 
4.96 MET hours/day in 1981 (p<0.001). Similar results were seen for male, fe-
male, monozygotic and dizygotic pairs and also for the subgroups of 95 (study 
III, Figure 4) and 89 (study I) pairs.  
 

 

FIGURE 4  Mean leisure-time MET indices for 146, and subgroup of 95, twin pairs. Pairs 
are discordant for both intensity and volume of physical activity in 1975 and 
1981. 
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Table 2 summarises the baseline characteristics for the 146 pairs and 95 pairs in 
1975. Among the 146 and 95 pairs, differences between inactive and active co-
twins were seen in smoking habits in both 1975 and 1981, as the inactive twins 
smoked more. The active co-twins reported greater life satisfaction among both 
groups at baseline in 1975, but not in 1981. Among the 146 pairs, the inactive co-
twins had physically heavier work in 1975 and 1981, but this was not observed 
among the 95 pairs. No differences in weight or BMI were seen in 1975, but in 
1981 the inactive co-twins had higher BMI than their active co-twins among 
both the 146 pairs (23.8 vs. 23.0, p=0.004) and 95 pairs (23.3 vs. 22.6, p=0.043). 
No other differences were seen between the inactive and active co-twins at 
baseline. 

 
TABLE 2  Baseline characteristics in 1975 for 146 twin pairs (study I) and 95 pairs 

(study II, 89 pairs for study III). a 

 

 146 pairs in 1975 95 pairs in 1975 
Characteristics Inactive Active P value Inactive Active P value 
Age, years  30.1±8.1 30.1±8.1  28.5 ± 6.9 28.5 ± 6.9  
Height, cm  168.5 ± 8.5 169.5± 8.5 0.024  168,9 ± 8.4 169.3 ± 8.3 0.47  
Weight, kg  64.6 ± 12.4 64.9 ± 10.9 0.73  63.2 ± 12.1 63.7 ± 10.2 0.65  
BMI (kg/m2) 22.6 ± 3.1 22.5 ± 2.5 0.53  22.0 ± 2.8 22.1 ± 2.3 0.76  
Ever regular smoker 83 (56.8%) 67(45.9%)  0.027  51 (53.7%) 43 (45.3%) 0.22  
Pack years smoked  4.2 ± 6.2 2.6 ± 4.9 <0.001 3.1 ± 4.8 1.9 ± 3.4 0.008  
Alcohol, grams/day  8.1 ± 13.4 9.0 ± 15.4 0.49  7.2 ± 14.4 7.6 ± 11.8 0.73  
Binge drinking 31(21.2%) 34 (23.3%) 0.59  17 (17.9%) 21 (22.1%) 0.36  
Diagnosed hypertension b 16 (11%) 9 (6.2%) 0.19  7 (7.4%) 5 (5.3%) 0.75  
Life satisfaction c 8.8 ± 2.7 8.0 ± 2.5 0.004  8.8 ± 2.5 8.0 ± 2.7 0.026  
Work-related PA   0.019   0.19 
   Sedentary 47 (32.4%) 57 (39.3%)  28 (29.8%) 33 (34.7%)  
   Standing/walking 26 (17.9%) 32 (22.1%)  14 (14.9%) 20 (21.1%)  
   Light manual labour 61 (42.1%) 52 (35.9%)  46 (48.9%) 39 (41.1%)  
   Heavy manual labour 11 (7.6%) 4 (2.8%)  6 (6.4%) 3 (3.2%)  
Social class      0.26 
   White-collar worker 11 (7.5%) 13 (8,9%)  6 (6.3%) 8 (8.4%)  
   Clerical worker 48 (32.9%) 51 (34.9%)  28 (29.5%) 25 (26.3%)  
   Skilled worker 48 (32.9%) 52 (35.6%)  33 (34.7%) 39 (41.1%)  
   Unskilled worker 11 (7.5%) 11 (7.5%)  7 (7.4%) 8 (8.4%)  
   Farmer  19 (13.0%) 3 (2.1%)  14 (14.7%) 2 (2.1%)  
   Other d  9 (6.2%) 16 (11.0%)  7 (7.4%) 13 (13.7%)  
a Values are means ±SD or N (%). 
b According to questionnaire answer or medication information in 1975. 
c The life satisfaction index was a four-question scale with sum score ranging from 4-20, 
with an increasing score indicating a decrease in life satisfaction. 
d Students, army recruits, retired, unknown 
 
The baseline subject characteristics for the diabetes study (study IV) show that 
the sedentary subjects in quintile I were the oldest, had the highest BMI, and 
smoked the most, whereas alcohol consumption was higher among the active 
subjects. Inactive subjects had heavy physical work more often compared to 
active subjects. 
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5.2 Mortality 

24 co-twins died during the follow-up (1.1.1983 – 31.12.2004). 2 Altogether 16 
inactive (14 DZ and 2 MZ) and 8 active (6 DZ and 2 MZ) co-twins died. Among 
the 24 individuals who died during the follow-up, both co-twins in 3 pairs died, 
including 2 active and 1 inactive co-twin who died before their co-twins. Figure 
5 shows the survival curves for inactive and active co-twins. In the individual 
based analyses, the active co-twins had decreased risk of death when compared 
with their inactive co-twins (age and sex adjusted HR=0.48, 95% CI 0.22 – 1.04). 
After additionally adjusting for social class, the HR was 0.39 (95% CI 0.18 – 0.85). 
When adjusted for work-related physical activity instead of social class, the HR 
was 0.38 (95% CI 0.17 - 0.86). The tendency for lower hazard ratios persisted 
after the further adjustments for alcohol and smoking habits. The hazard ratios 
persisted when the analyses were done for DZ pairs only: age- and sex-adjusted 
HR was 0.40 (95% CI  0.17 – 0.98) and social class-adjusted HR was  0.31 (95% CI  
0.13 – 0.77).  When analysing the MZ pairs, no differences were seen between 
the inactive and active co-twins.  

Pairwise analyses showed lower but non-significant hazard ratios among 
all pairs: unadjusted HR was 0.54 (95% CI 0.22 – 1.35), social class-adjusted HR 
was 0.27 (95% CI 0.07 – 1.13) and work-related PA-adjusted HR was 0.43 (95% 
CI 0.12 – 1.54).  Pairwise analyses among the DZ pairs showed again lower haz-
ard ratios: as unadjusted HR was 0.42 (0.15 – 1.18) and social class-adjusted HR 
was 0.17 (0.02 – 1.28). The actual causes of death among the 16 inactive co-twins 
who died by the end of 2004 were 7 cancers, 3 myocardial infarctions, 2 suicides, 
1 cerebrovascular disease, 1 disease of respiratory system, 1 alcohol-related dis-
ease and 1 accidental fall. The causes of death for 8 active co-twins were 3 myo-
cardial infarctions, 2 cancers, 1 alcohol related disease, 1 traumatic injury and 1 
water-transport-related drowning.  
 
 
 

                                                 
2 Note: paper I shows the results from the updated mortality data until the end of 2006. 
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FIGURE 5  Survival curves for mortality in twin pairs discordant for leisure-time physi-
cal activity. Upper panel for all and lower panel for DZ pairs. 

5.3 Physical activity 

Among the 89 interviewed twin pairs who had answered all the physical activ-
ity questions, 42 pairs (5 monozygotic, 4 female and 1 male, and 37 dizygotic, 17 
female and 20 male) were consistently discordant for physical activity at all the 
5-year time points (years 1980, 1985, 1990, 1995, 2000 and 2005) across the 30-
year period (Figure 6). 47 pairs (12 monozygotic, 7 female and 5 male, and 35 
dizygotic, 21 female and 14 male) were not consistently discordant. Dizygotic 
twin pairs seemed to remain discordant for longer and the discordances appear 
greater when compared with those of the monozygotic pairs. The mean MET 
index (Table 3) from 1980 through 2005 was significantly higher in the active 
than inactive co-twins in all 89 twin pairs (mean MET difference 4.3 MET h/day, 
p < 0.001) as well as in the 42 consistently discordant pairs and 47 not consis-
tently discordant pairs. Among 47 pairs, as seen in Figure 6C, the inactive co-
twins increased and active co-twins decreased their, amount of activity during 
the follow-up.  



45 
 

 
 
FIGURE 6  Leisure-time MET indices (mean±SE) in inactive and active members of the 

twin pairs from 1980 through 2005. Figures A and B show a significant dif-
ference (p<0.001) between inactive and active co-twins at each measurement, 
in C a difference is significant only in 1980 (p<0.001) and 1985 (p<0.05). 

 
 
TABLE 3   Mean MET indices in 1980 – 2005 (MET hours/day) for all pairs, consistently 

discordant pairs and not consistently discordant pairs.a,b 

 
 Inactive 

 
Active  
 

Mean difference 
(95% CI) 

T-test,  
P value 

All 89 pairs  3.0 ± 3.1 7.2 ± 4.4 4.27 (3.16 to 5.38) < 0.001 
Consistently discordant, 42 pairs 1.4 ± 1.2 9.1 ± 4.9 7.65 (6.20 to 9.10) < 0.001 
Not consistently discordant, 47 pairs 4.4 ± 3.6 5.6 ± 3.2 1.25 (0.15 to 2.34) 0.03 
a Plus-minus values are means ±SD.  
b Mean MET index 1980-2005 calculated from the shorter retrospective LTPA assessment.  

5.4 Anthropometric measurements 

An increase in weight over time was seen in both inactive and active co-twins 
(Table 4, Figure 7) in all subgroups. Among all 89 pairs, the active members 
gained 2.8 kg less weight during the 30-year follow-up than their inactive co-
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twins (p=0.01). Trends for weight gain were similar for DZ (difference 2.1 kg, 
p=0.07), MZ (6.0 kg, p=0.06) and male (5.2 kg, p=0.002) pairs, but not for female 
pairs (0.90, p=0.55). Among the 42 consistently discordant twin pairs, the active 
co-twins gained significantly less weight (5.4 kg, 95% confidence interval 1.95 to 
8.87 kg, p=0.003) during the 30-year follow-up when compared with their inac-
tive co-twins, with similar trends in the DZ (4.4 kg, p=0.02), MZ (12.6 kg, 
p=0.11), male (6.6 kg, p=0.01) and female (4.2 kg, p=0.11) pairs. However, the 
results for the 47 not consistently discordant pairs did not show any differences 
between inactive and active co-twins in 2005. 
 
TABLE 4  Anthropometric measurements for 1975, 1981 and 2005 for all 89 pairs, 42 pairs 

consistently discordant for LTPA and 47 not consistently discordant for LTPA.a 
Variable Inactive Active Mean difference 

(95% CI) 
Paired 
T-test, 
P value

All 89 pairs     
        Height 75 (cm) 169.3 ± 8.5 169.5 ± 8.5 0.24 0.67 
        Weight 75 (kg) 63.5 ± 12.5 63.9 ± 10.5 0.39 0.72 
        Weight 81 (kg) 67.1 ± 13.7 65.2 ± 10.7 -1.99 0.10 
        Weight 05 (kg) 74.7 ± 15.1 72.3 ± 11.7 -2.43 0.09 
        Change in weight 1975 - 1981 (kg) 3.6 ± 4.7 1.3 ± 3.8 - 2.38 <0.001 
        Change in weight 1981 - 2005 (kg) 7.6 ± 7.3 7.1 ± 5.9 - 0.44 0.64 
        Change in weight 1975 - 2005 (kg) 11.2 ± 9.0 8.4 ± 7.1 -2.82 0.01 
        BMI 75 (kg/m2) 22.0 ± 2.9 22.2 ± 2.3 0.14 0.66 
        BMI 81 (kg/m2) 23.3 ± 3.4 22.6 ± 2.4 -0.73 0.05 
        BMI 05 (kg/m2) 25.9 ± 3.9 25.1 ± 3.0 -0.80 0.08 
        Waist circumference (cm) 90.7 ± 12.1 86.7 ± 10.2 -4.05 0.003 
Consistently discordant pairs (42 pairs) 
        Height 75 (cm) 169.7 ± 8.5 169.3 ± 8.5 -0.39 0.67 
        Weight 75 (kg) 65.9 ± 12.9 64.4 ± 10.1 -1.50 0.38 
        Weight 81 (kg) 69.9 ± 14.6 65.0 ± 9.7 -4.86 0.02 
        Weight 05 (kg) 78.9 ± 15.4 72.0 ± 11.8 -6.91 0.002 
        Change in weight 1975 - 1981 (kg) 4.0 ± 5.4 0.6 ± 4.2 -3.36 0.002 
        Change in weight 1981 - 2005 (kg) 9.0 ± 8.5 7.0 ± 6.6 -2.05 0.17 
        Change in weight 1975 - 2005 (kg) 13.0 ± 10.1 7.6 ± 7.8 -5.41 0.003 
        BMI 75 (kg/m2) 22.7 ± 2.9 22.4 ± 2.2 -0.30 0.53 
        BMI 81 (kg/m2) 24.2 ± 3.6 22.6 ± 2.2 -1.57 0.01 
        BMI 05 (kg/m2) 27.1 ± 4.0 25.1 ± 3.4 -2.05 0.006 
        Waist circumference (cm) 94.2 ± 12.4 85.8 ± 10.2 -8.37 <0.001 
Not consistently discordant pairs (47 pairs) 
        Height 75 (cm) 168.9 ± 8.6 169.7 ± 8.6 0.79 0.25 
        Weight 75 (kg) 61.4 ± 11.8 63.5 ± 10.9 2.09 0.13 
        Weight 81 (kg) 64.7 ± 12.4 65.3 ± 11.67 0.57 0.68 
        Weight 05 (kg) 71.0 ± 13.9 72.6 ± 11.6 1.58 0.35 
        Change in weight 1975 - 1981 (kg) 3.3 ± 3.9 1.8 ± 3.5 -1.51 0.02 
        Change in weight 1981 - 2005 (kg) 6.3 ± 5.8 7.3 ± 5.4 1.00 0.40 
        Change in weight 1975 - 2005 (kg) 9.6 ± 7.6 9.1 ± 6.5 -0.51 0.70 
        BMI 75 (kg/m2) 21.4 ± 2.8 21.9 ± 2.3 0.53 0.23 
        BMI 81 (kg/m2)  22.6 ± 3.1 22.6 ± 2.6 0.01 0.99 
        BMI 05 (kg/m2) 24.8 ± 3.5 25.1 ± 2.7 0.32 0.56 
        Waist circumference (cm) 87.7 ± 11.1 87.4 ± 10.2 -0.28 0.84 
a Plus-minus values are means ±SD. CI denotes confidence interval.  
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FIGURE 7  Weight change from 1975 through 2005 for inactive (dark line) and active 

(light grey) for all 89 pairs, 42 consistently discordant pairs, 47 not consistent-
ly discordant pairs and for 40 male, 49 female, 17 MZ and 72 DZ pairs.  

 
 
Inactive co-twins had a higher risk for major weight gain (�15 kg) during the 
follow-up (OR 2.18, 95% CI 1.07 - 4.45, p=0.03), but this was mainly seen in men 
(OR 7.5, 95% CI 1.72 - 32.8, p=0.007) as no significant difference was observed in 
women. Inactive co-twins also had an increased but statistically non-significant 
risk for obesity (BMI �30) in 2005 (OR 2.75, 95% CI 0.88 - 8.64, p=0.08) compared 
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to their active co-twins. Among the 42 consistently discordant pairs, the inactive 
co-twins had an even higher risk for major weight gain (OR 4.33, 95% CI 1.24 - 
15.21, p=0.02) and obesity in 2005 (OR 4.5, 95% CI 0.97 - 20.8, p=0.054) than their 
active co-twins. Among all 89 pairs, active co-twins were more likely to main-
tain their weight (max 2 kg increase between 1975 and 2005) during the follow-
up (OR 0.38, 95% CI 0.15 - 0.96, p=0.04) compared to their inactive co-twins. Al-
together, 23 active (meanMET for 30 -years 8.9 MET h/day) and 13 inactive (3.4 
MET h/day) co-twins maintained their weight. Weight maintenance was even 
more clearly seen among the 42 consistently discordant pairs, as OR was 0.1 (95% 
CI 0.013 - 0.78, p=0.028). However, no pairwise difference was seen in weight 
gain or weight maintenance among the 47 not consistently discordant pairs. 

Among all 89 pairs, waist circumference was 4.1 cm smaller (1.42 to 6.67, 
p=0.003) in the active than inactive co-twins at follow-up. Again, the trends 
were similar for DZ (difference 3.6 cm, p=0.009), MZ (5.9 cm, p=0.16), male (5.3 
cm, p=0.006) and female (3.0 cm, p=0.12) pairs. Among the 42 consistently dis-
cordant twin pairs, waist circumference was 8.4 cm smaller (p<0.001) among 
the active co-twins (Figure 8) with similar trends in DZ (7.8 cm, p<0.001), MZ 
(12.6 cm, p=0.32), male (9.8 cm) and female (7.1 cm) pairs. However, no pair-
wise difference was seen in waist circumference among the not consistently dis-
cordant pairs. 

 
 

 
 
FIGURE 8  Waist circumference (mean±SE) difference for 42 consistently discordant 

pairs, for 21 consistently discordant male pairs, and for 21 consistently dis-
cordant female pairs. 
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5.5 Type 2 diabetes 

In study I, the type 2 diabetes reimbursed medication analysis among the 146 
pairs showed that 8 inactive and 6 active co-twins had started medication for 
diabetes (8 inactive and 3 active DZ co-twins) during the follow-up period. No 
statistically significant difference in the risk for type 2 diabetes was observed in 
the multivariate analysis among all subjects (HR 0.72, 95% CI  0.24 – 2.14), but 
among the dizygotic pairs the active co-twins had decreased risk, with a hazard 
ratio of 0.34 (95% CI  0.09 – 1.34), although this was not statistically significant.  

The results of the telephone interview study (study II) among 95 pairs 
showed that the active co-twins had a decreased risk for the combined type 2 
diabetes variable (including type 2 diabetes and prediabetes), with an odds ra-
tio of 0.09 (95% CI 0.01 – 0.70). The results were similar for the DZ pairs (OR=0.1, 
95 % CI 0.01 – 0.78), but no difference was seen among the MZ pairs (OR=1). 
Although, statistically non-significant, the active twins showed a lower preva-
lence of type 2 diabetes: 7 inactive and 3 active co-twins had type 2 diabetes 
(OR 0.2, 95% CI 0.02 – 1.71). 

When type 2 diabetes was studied further in the whole cohort (study IV), a 
total of 535 000 person-years were accumulated during the follow-up period 
from 1976 to 2004. During this period, 1 082 new type 2 diabetes cases occurred 
among the 20 487 subjects. The hazard ratios between the different MET quin-
tiles for all, men, women and baseline healthy individuals are presented in table 
5 and the same graphically in Figure 9a. The individual analyses among all the 
participants showed that the subjects in physical activity quintiles III – V had 
significantly lower age- and sex-adjusted hazard ratios during the follow-up 
compared to the sedentary individuals in quintile I. Analysis of healthy subjects 
with no known medical constraints on physical activity (n = 13 291 individuals) 
also showed similar hazard ratios. After adjusting the model among all indi-
viduals for work-related physical activity, social class, smoking and alcohol use 
(all separately in the model), the hazard ratios remained similar. When the 
model was adjusted for BMI (Table 5, Figure 9b), the differences were no longer 
significant. There was no difference between individuals in risk by zygosity. 
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TABLE 5  Risk for type 2 diabetes during 1976-2004 for individual analyses according 

to leisure-time physical activity (MET quintiles)a in 1975. Sedentary (< 0.59 
met h/day) individuals are reference group. 

 
  HR (95% CI) 

+ age and sex adj.
 
P value

HR (95% CI) 
+ age, sex and BMI75 adj. 

 
P value 

All individuals      
MET Quintile II  0.91 (0.76 – 1.10) 0.32 0.99 (0.81 – 1.21) 0.90 
MET Quintile III  0.73 (0.60 – 0.89) 0.001 0.88 (0.72 – 1.08) 0.23 
MET Quintile IV  0.78 (0.65 – 0.94) 0.010 0.97 (0.80 – 1.19) 0.80 
MET Quintile V  0.74 (0.61 – 0.90) 0.002 0.95 (0.77 – 1.17) 0.61 
Men      
MET Quintile II  1.16 (0.89 – 1.51) 0.28 1.27 (0.94 – 1.72) 0.12 
MET Quintile III  0.86 (0.66 – 1.14) 0.29 1.02 (0.75 – 1.38) 0.91 
MET Quintile IV  0.95 (0.72 – 1.24) 0.68 1.17 (0.86 – 1.58) 0.32 
MET Quintile V  0.83 (0.63 – 1.09) 0.19 1.07 (0.78 – 1.46) 0.67 
Women      
MET Quintile II  0.73 (0.56 – 0.96) 0.022 0.79 (0.59 – 1.05) 0.098 
MET Quintile III  0.66 (0.50 – 0.86) 0.003 0.82 (0.62 – 1.08) 0.15 
MET Quintile IV  0.68 (0.53 – 0.89) 0.004 0.86 (0.65 – 1.13) 0.28 
MET Quintile V  0.71 (0.53 – 0.94) 0.017 0.91 (0.68 – 1.21) 0.51 
Healthy in 1981      
MET Quintile II  0.84 (0.62 – 1.12) 0.24 0.83 (0.61 – 1.13) 0.24 
MET Quintile III  0.66 (0.49 – 0.89) 0.007 0.78 (0.57 – 1.06) 0.12 
MET Quintile IV  0.77 (0.57 – 1.02) 0.07 0.92 (0.68 – 1.24) 0.59 
MET Quintile V  0.68 (0.50 – 0.93) 0.015 0.88 (0.64 – 1.21) 0.43 
a For cut-off points of MET quintiles see method section or Figure 9  
 
 

 
FIGURE 9  Hazard ratios and 95% confident intervals for different MET quintiles for all 

subjects: a) individual analyses, b) individual analyses adjusted for age, sex 
and BMI, c) pairwise analyses and d) pairwise analyses adjusted for BMI. 
Quintile I: < 0.59 MET hours per day, Quintile II: 0.59 to < 1.30, Quintile III: 
1.30 to < 2.50, Quintile IV: 2.50 to < 4.50 and Quintile V: > 4.50. 
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The pairwise analysis showed (Table 6, Figure 9c and d) that the subjects in 
physical activity quintiles II to V were significantly less likely to have type 2 
diabetes (QII: HR 0.61, 95% CI 0.41–0.90; QIII: 0.59, 0.39–0.87; QIV: 0.61 0.41–
0.91; QV: 0.61, 0.40–0.94) during the follow-up than their co-twins in the seden-
tary quintile. This analysis takes into account all pairs discordant for physical 
activity across all the quintiles. The hazard ratios were reduced even further 
when the model was adjusted for BMI, except that for marginally not significant 
quintile V. Similar results were found for both zygosities, with the MZ twins 
showing the lowest hazard ratios. Although numerically the lowest, the hazard 
ratios for the MZ pairs were not all statistically significant as the MZ twins also 
had the lowest number of informative discordant pairs. Again, the results of the 
subgroup analysis of the healthy subjects with no known constraints on physi-
cal activity showed similar hazard ratios. The BMI-adjusted hazard ratios for 
type 2 diabetes remained statistically significant in all quintiles. 
 
 
TABLE 6  Risk for type 2 diabetes during 1976-2004 for pairwise analyses according to 

LTPA (MET quintiles)a in 1975. Inactive (< 0.59 MET h/day) co-twins are refer-
ence group. 

 
  

Hazard ratios  (95% CI)
 

P Value
Hazard ratios  (95% CI)  
adjusted for  
baseline BMI 

 
P Value

All pairs     
MET Quintile II  0.61 (0.41 – 0.90) 0.012 0.50 (0.32 – 0.78) 0.002 
MET Quintile III  0.59 (0.39 – 0.87) 0.008 0.50 (0.32 – 0.78) 0.002 
MET Quintile IV  0.61 (0.41 – 0.91) 0.014 0.57 (0.37 – 0.88) 0.012 
MET Quintile V  0.61 (0.40 – 0.94) 0.025 0.64 (0.40 – 1.02) 0.06 
Monozygotic     
MET Quintile II  0.33 (0.13 – 0.87) 0.025 0.32 (0.12 – 0.88) 0.027 
MET Quintile III 0.56 (0.23 – 1.35) 0.20 0.49 (0.19 – 1.25) 0.13 
MET Quintile IV  0.67 (0.29 – 1.56) 0.35 0.63 (0.26 – 1.56) 0.32 
MET Quintile V  0.44 (0.18 – 1.04) 0.06 0.49 (0.20 – 1.22) 0.13 
Dizygotic     
MET Quintile II  0.69 (0.45 – 1.06) 0.09 0.56 (0.34 – 0.92) 0.023 
MET Quintile III  0.59 (0.38 – 0.92) 0.02 0.50 (0.30 – 0.83) 0.008 
MET Quintile IV  0.59 (0.38 – 0.93) 0.023 0.56 (0.33 – 0.93) 0.024 
MET Quintile V  0.67 (0.41 – 1.12) 0.13 0.70 (0.40 – 1.23) 0.21 
Healthy in 1981     
MET Quintile II  0.47 (0.22 – 1.02) 0.055 0.37 (0.16 – 0.86) 0.021 
MET Quintile III  0.35 (0.16 – 0.76) 0.008 0.34 (0.15 – 0.81) 0.014 
MET Quintile IV  0.45 (0.21 – 0.96) 0.038 0.41 (0.17 – 0.949 0.035 
MET Quintile V  0.26 (0.11 – 0.61) 0.002 0.32 (0.13 – 0.80) 0.015 

a For cut-off points of MET quintiles see method section or figure 9  
 
Of all the twin pairs, 1 919 pairs were discordant for physical activity when se-
dentariness (quintile I <0.59 MET h/d) was compared with any activity catego-
ry (combined quintiles II-V) and 809 pairs were discordant for type 2 diabetes. 
Of these, 146 pairs were discordant for both baseline physical activity and fol-
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low-up type 2 diabetes. Of these 146 pairs, among 85 pairs the sedentary co-
twin at baseline was diagnosed with diabetes during the follow-up, while the 
active co-twin remained healthy, and among 61 pairs the converse was true. 
Among the MZ pairs the corresponding numbers were 21 and 10. 

Further pairwise analyses showed that the BMI-adjusted hazard ratio (0.54; 
95% CI 0.37-0.78) was lower in the members of the twin pairs who were physi-
cally active (combined quintiles II-V: >0.59 MET h/d) compared to their inac-
tive (quintile I: <0.59 MET h/d) co-twins (Figure 10). The survival curves are 
shown in Figure 11. The results of the BMI-adjusted pairwise analyses were 
significant for all the analysed subgroups; i.e. men (HR 0.49; 95% CI 0.27 – 0.87), 
women (HR 0.59; 95% CI 0.36 – 0.96), DZ (HR 0.56; 95% CI 0.37 – 0.86) and 
healthy (HR 0.36; 95% CI 0.17 – 0.76), except the MZ pairs were marginally non-
significant. However, the MZ pairs showed a similar or even lower hazard ratio 
(HR 0.49; 95% CI 0.23 – 1.04) than the other groups.  

 
 

 
 
FIGURE 10  Hazard ratios from pairwise analyses for active (> 0.59 MET h/day) twins as 

compared to inactive (� 0.59 MET h/day) twins for all, male, female, MZ and 
DZ pairs. 
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FIGURE 11  Kaplan-Meier survival curves for type 2 diabetes incidence for inactive (black) 

and active (gray) co-twins. Upper panel for MZ and lower panel for DZ pairs. 
 

5.6 Other conditions and health-related measurements 

The reimbursed medication analyses showed that among the 146 pairs, 23 inac-
tive and 20 active co-twins (19 inactive and 14 active DZ co-twins) had at least 
one of the studied reimbursed medications (diabetes, hypertension and CHD). 
Among the individual medication groups, 18 inactive and 12 active co-twins (16 
inactive and 8 active DZ co-twins) had medication for hypertension and 7 
physically inactive and 6 active co-twins (5 inactive and 5 active DZ co-twins) 
had medication for coronary heart disease. The reimbursed medication analyses 
showed non-significant but slightly decreased hazard ratios for the active vs. 
inactive co-twins. Among the DZ pairs, the active co-twins had lower risk for 
hypertension medication during the follow-up compared to their active co-

MZ pairs 

DZ pairs 
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twins (HR=0.46, 95% CI 0.21 – 0.996): when adjusted for work-related physical 
activity HR was 0.45 (95% CI 0.21 - 0.98). No differences were seen within MZ 
pairs. 

The results for physician-diagnosed diseases between inactive and active 
co-twins among 95 pairs are shown in Table 7. Among the monozygotic twin 
pairs the active co-twins had a reduced risk for having at least 2 chronic dis-
eases, (with the exception of hypertension): 1 active MZ and 7 inactive MZ co-
twins had 2 or more chronic diseases (OR=0.14, p=0.031), although the differ-
ence was not significant when MZ and DZ pairs were taken together (OR=0.54, 
p=0.19). No differences were seen in the cumulative incidence of diagnosed hy-
pertension between inactive and active co-twins when studying new cases of 
hypertension since 1975. Overall, the active co-twins had a decreased risk for 
elevated blood pressure (OR=0.46, p=0.039; DZ OR=0.44, 95% CI 0.19 – 1.02; MZ 
OR=0.5, 95% CI 0.09 – 2.73). Although statistically non-significant, the active 
twins showed a lower prevalence of any pulmonary disease and of other physi-
cian-diagnosed diseases. No differences between inactive and active co-twins 
were seen in stroke, intermittent claudication, cardiac failure, COPD, chronic 
bronchitis and gastric ulcer (results not shown). 

Some differences were observed in selected musculoskeletal problems be-
tween inactive and active co-twins (Table 7). The active co-twins had a margin-
ally non-significant increased risk for at least one sports-related injury (OR=1.9, 
p=0.051) compared to their inactive co-twins, the finding being more salient in 
DZ pairs (OR=2.2, 95% CI 1.07 - 4.45) than MZ pairs (OR=1, 95% CI 0.25 – 4.0). 
For individual sports-related injuries the active co-twins again had a statisti-
cally non-significant increased risk for getting an ankle ligament injury (OR=1.8, 
p=0.14; DZ OR=2.17, 95% CI 0.82 – 5.70; MZ OR=1.3, 95% CI 0.34 – 4.66). Non-
significant differences were seen in other than knee or hip osteoarthritis and 
sciatica between inactive and active co-twins, but other conditions did not differ 
(results not shown for knee ligament injury, tension neck and hip and knee os-
teoarthritis). 

Active co-twins had tendency for fewer self-reported physician described 
medications than their inactive co-twins as shown in Table 6. Active co-twins 
had a non-significantly decreased risk for 2 or more physician-prescribed medi-
cation than their inactive co-twins (OR 0.54, 95% CI 0.28 – 1.06) and for psychia-
tric medications (OR 0.22, 95% CI 0.05 – 1.03). No other differences were seen in 
self-reported medication use between inactive and active co-twins.  

Among 95 twin pairs, the inactive co-twins had a tendency towards dysp-
nea at follow-up when compared with their active co-twins (p=0.067), more so 
in DZ (p=0.10) than in MZ pairs (p=1.00). The active co-twins remained more 
satisfied with their life at the end of the follow-up: mean life satisfaction (LS) 
was 6.5 for active and 7.1 for the inactive co-twins (paired t-test p=0.047) among 
95 pairs. Rather similar results were obtained for dizygotic (6.4 vs. 6.9, p=0.12) 
and monozygotic (6.8 vs. 7.9, p=0.24) pairs. Out of 95 pairs, 23 inactive and 13 
active co-twins had been hospitalised within the last 3 years prior to the inter-
view for a total of 171 and 95 nights, respectively. On average, the inactive co-
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twins spent 1.8 nights and the active co-twins 1 night (paired t-test p=0.16) in 
hospital during that period. The active co-twins had a non-significant decreased 
risk for having been hospitalised (OR=0.47, p=0.065); this risk was rather simi-
lar for both DZ pairs (OR=0.54, 95% CI 0.22 - 1.35) and MZ pairs (OR=0.33, 95% 
CI 0.07 – 1.65).  
 
TABLE 7  Other chronic diseases measured either as self-reported diseases or medica-

tion use in 2005 (95 pairs). Inactive co-twins serve as reference group. 
 

Disease Inactive 
N (%) 

Active 
N (%) 

OR (95 % CI) 

Cardiovascular disease a 5 (5.3%) 7 (7.4%) 1.67 (0.40 – 6.97) 
         CHD including MI 4 (4.2%) 5 (5.3%) 1.5 (0.25 – 8.98) 
Reported BP medication in 2005 b 18 (21.4%) 19 (22.6%) 1.09 (0.48 – 2.47) 
Elevated BP or BP medication in  2005 b 43 (51.2%) 31 (36.9%) 0.46 (0.22 – 0.96) 
Pulmonary disease a 8 (8.4%) 3 (3.2%) 0.33 (0.09 – 1.23) 
         Asthma 7 (7.4%) 2 (2.1%) 0.29 (0.06 – 1.38) 
Depression 9 (9.5%) 9 (9.5%) 1 
Rheumatoid arthritis 1 (1.1%) 4 (4.2%) 4 (0.45 – 35.79) 
Osteoarthritis, at least one: hip, knee or other 22 (23.2%) 25 (26.3%) 1.21 (0.6 – 2.46) 
         Any other osteoarthritis c 10 (10.5%) 17 (17.9%) 2.17 (0.82 – 5.70) 
Sciatica 29 (30.5%) 22 (23.2%) 0.68 (0.35 - 1.31) 
Injuries typical for athletes (acute or stress) 29 (30.5%) 42 (44.2%) 1.87 (0.98 – 3.49) 
Acute injuries 24 (25.3%) 31 (32.6%) 1.44 (0.76 – 2.72 
         Tendon  rupture (achilles or other) 6 (6.3%) 5 (5.3%) 0.8 (0.22 – 2.98) 
         Knee or ankle injury, at least one 20 (21.1%) 30 (31.6%) 1.77 (0.90 – 3.48) 
                     Knee meniscus 5 (5.3%) 8 (8.4%) 1.75 (0.51 – 5.98) 
                     Ankle ligament 13 (13.7%) 21 (22.1%) 1.8 (0.83 – 3.90) 
Stress injury/ Tendonitis (achilles or other) 10 (10.5%) 17 (17.9%) 1.88 (0.8 – 4.42) 
         Achilles tendon inflammation 4 (4.2%) 6 (6.3%) 1.5 (0.42 - 5.321) 
         Other tendon inflammation 7 (7.4%) 12 (12.6%) 1.83 (0.68 -  4.96) 
Other physician diagnosed chronic disease d  30 (31.6%) 21 (22.1%) 0.57 (0.28 – 1.16) 
Self-reported medication use     
         At least one medication 57 (60%) 52 (54.7%) 0.80 (0.44 – 1.44) 
         At least two medications 43 (45.3%) 32 (33.7%) 0.54 (0.28 – 1.06) 
         At least one med other than BP med 53 (55.8%) 43 (45.3%) 0.60 (0.32 – 1.14) 
         Cholesterol medication 15 (15.8%) 15 (15.8%) 1 
         BP medication 24 (25.3%) 24 (25.3%) 1 
         Respiratory medication (mainly asthma) 9 (9.5%) 5 (5.3%) 0.50 (0.15 – 1.66) 
         Female hormonal medication  15 (15.8%) 11 (11.6%) 0.60 (0.22 – 1.65) 
         Psychiatric medication 9 (9.5%) 2 (2.1%) 0.22 (0.05 – 1.03) 
         Neurological medication 4 (4.2%) 2 (2.1%) 0.50 (0.09 – 2.73) 
         Metabolic and endocrine medication 22 (23.2%) 21 (22.1%) 0.84 (0.40 – 2.08) 

a Includes different diseases 
b New cases since 1975. If a person had reported hypertension on the questionnaire or was 
found to have medication for hypertension in 1975 they were excluded from the analyses; 84 
pairs were included in the analyses. 
c Other osteoarthritis includes osteoarthritis in the hand (15 individuals), shoulder (6), neck (6), 
back (4), toes (3) and wrists (1). 
d Includes diseases such as cancer (8 individuals - breast cancer 4), different allergies (7), osteo-
porosis (5), thyroid gland problem (5), eye problems (5 - glaucoma 3), migraine (3).  



  
 

6 DISCUSSION 

The present study investigated the protective effect of baseline leisure-time 
physical activity on weight gain and health decline, controlled for genes and 
childhood environment, in twins over a more than 20-year follow-up. Specifi-
cally, the aim was to find out whether persistent leisure-time physical activity 
protects against increases in weight, chronic diseases, metabolic syndrome-
related conditions or mortality, using a co-twin control design.  

In these twins, baseline leisure-time physical activity was associated with 
reduced risk of mortality, type 2 diabetes, elevated or high blood pressure and 
major weight gain. The co-twins consistently active for thirty years had smaller 
waist circumference, reduced weight gain and were more likely to have main-
tained their baseline weight at follow-up compared to their inactive co-twins. 
The active co-twins also had better life satisfaction and a tendency towards 
lower risk for asthma, sciatica, other physician-diagnosed diseases and lower 
medication use, especially psychiatric medications. However, the active co-
twins had a tendency towards sustaining more injuries that are typical for ath-
letes. Some of the results were more clearly seen among DZ pairs than MZ pairs, 
showing that genetics might explain some of the association. However, de-
creased risk for type 2 diabetes was significantly reduced among the larger co-
hort of active MZ co-twins, indicating the independent effect of physical activ-
ity, which was also independent of baseline BMI.  

One mechanism accounting for some of the differences between the inac-
tive and active co-twins could be epigenetics, as physical activity or inactivity 
might cause a different rate of transcription or translation of genes, which could 
then lead to changes in clinical phenotype (Franks & Ling 2010). For example, a 
study by Leskinen et al. (2010) found that among a smaller group twin pairs 
discordant for leisure-time physical activity for 30 -years, the active co-twins 
had up-regulated gene expression in the muscle tissue samples for the central 
pathways related to energy metabolism, including oxidative phosphorylation, 
lipid metabolism and supportive metabolic pathways. 
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6.1 Mortality  

Premature all-cause mortality assessment showed that the inactive co-twins 
were more likely to die earlier than their active co-twins when childhood family 
environment was controlled for. This finding is in accordance with earlier stud-
ies, where physical activity has been associated with reduced all-cause or coro-
nary heart disease mortality (Morris et al. 1980, Paffenbarger & Hyde 1984, 
Leon et al. 1987, Lee et al. 1995, Kujala et al. 1998, Carlsson et al. 2007). A study 
similar to the present study, which partially included the same study popula-
tion, was conducted by Kujala et al. in 2002: however, the present study concen-
trated on a smaller, but more discordant group of twins over a longer follow-up 
period. The main difference between the studies was a stricter determination of 
leisure-time physical activity between discordant pairs, where both intensity 
and volume of leisure-time physical activity were taken into account for 6 -
years at baseline. The difference in discordance in leisure-time physical activity 
in the present study was clearer than in the previous study. New cases of death 
had also occurred since the previous study. Both analyses showed an associa-
tion between high physical activity and reduced mortality in DZ twin pairs but 
not MZ pairs (Kujala et al. 2002), although the present study used survival 
analyses methods (hazard ratios) for pairwise analyses which were not used in 
the previous study. Recently, many systematic reviews and meta-analyses have 
also confirmed the existence of the relationship between physical activity and 
reduced all-cause mortality (Nocon et al. 2008, Physical Activity Guidelines 
Advisory Committee 2008, Lollgen et al. 2009, Woodcock et al. 2011); however, 
the present study indicates that there is a possible genetic pleiotropy underly-
ing physical activity and mortality (Kujala 2011). A Swedish twin study by 
Carlsson et al. (2007) found a difference in mortality among activity-discordant 
MZ pairs, but their study had limitations as they did not exclude subjects with 
chronic diseases at baseline (Carlsson et al. 2007, Rankinen & Bouchard 2007). 
Although we had only a small number of MZ pairs, the study shows that it is 
important to investigate the genes which are associated with both physical ac-
tivity and the underlying causes of diseases. 

Some slightly older review studies have estimated that high levels of 
physical activity are needed and energy expenditure of at least 1000 kcal/week 
is likely to decrease mortality rates (Lee & Skerrett 2001, Oguma et al. 2002). A 
recent review by Woodcock et al. (2011) does not totally concur with this, as the 
review showed that the greatest benefits from physical activity occur when 
moving from sedentary behaviour to low levels of activity, but that when activ-
ity levels are increased further only small additional benefits are achieved. Al-
though both earlier reviews (Lee & Skerrett 2001, Oguma et al. 2002) acknowl-
edged that a lower volume of physical activity could also have beneficial effects 
on all-cause mortality, this was only a speculation. The present study is more in 
line with the older reviews and findings in a favour of a higher activity level, as 
the active co-twins exercised for at least 2 MET hours/day in 1975 and 1981 (on 
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average 4.59 MET hours/day in 1975 and 5.80 MET hours/day in 1981) and the 
intensity of activity was vigorous in both baseline years. This indicates that the 
activity level of these co-twins was relatively high during this 6-year period.  

As seen in this study, physical activity continued for 30 years for a sub-
group of 42 active co-twins. This indicates that adulthood physical activity hab-
its are often maintained for long time, and thus it is possible that the long con-
tinuation of physical activity habits partly explains the difference in mortality. 
Incipient disease can reduce the ability to exercise and thus attenuate within-
pair differences in physical activity over time. However, according to this study 
it is not possible to confirm that physical activity is the major reason for this 
mortality difference as no such difference was found for the MZ pairs, and 
therefore the possibility of genetic selection towards premature mortality re-
mains. On the other hand, the number of MZ pairs was very small. 

The mortality difference could also be partly due to differences in disease 
incidence between inactive and active co-twins during the follow-up. The use of 
type 2 diabetes, hypertension, and coronary heart disease medication was stud-
ied among the same cohort as mortality. In particular, the use of hypertension 
medication was higher among the inactive co-twins. It is known that physical 
inactivity is a risk factor for hypertension (Paffenbarger & Lee 1997, Barengo et 
al. 2005) and that increased blood pressure is a predictor of mortality (Selmer 
1992, Lewington et al. 2002). Among the 16 inactive co-twins who died by the 
end of 2004, the causes of death were cancer (7), myocardial infarction (3), sui-
cide (2), cerebrovascular disease (1), disease of respiratory system (1), alcohol-
related disease (1) and accidental fall (1). Therefore, the increased prevalence of 
T2D and high blood pressure alone do not explain the increased mortality of the 
physically inactive co-twins. However, a number of these causes of death are 
associated with a physically inactive lifestyle, such as some cancers (Physical 
Activity Guidelines Advisory Committee 2008), CVD (Morris et al. 1980, Paf-
fenbarger & Hyde 1984, Physical Activity Guidelines Advisory Committee 
2008), pulmonary disease (Kujala et al. 1996), alcohol-related problems (Korho-
nen et al. 2009) and accidental falls (Physical Activity Guidelines Advisory 
Committee 2008).  

6.2 Anthropometric characteristics 

This thesis shows that physical activity during adulthood is associated with 
decreased weight gain and with smaller waist circumference in twin pairs con-
sistently discordant for leisure-time physical activity habits over 30 years. The 
trends were similar for both monozygotic and dizygotic twin pairs, and there-
fore the findings were most likely due to physical activity and not primarily 
influenced by genes or childhood environment. In this study, the subjects 
gained weight regardless of their baseline physical activity status. Similar 
weight gain trends have been observed in other longitudinal studies (Hankin-
son et al. 2010, Lee et al. 2010, Ekelund et al. 2011). In the present study, the ac-
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tive co-twins gained less weight during the follow-up when compared with the 
inactive co-twins, especially those consistently active 30 years. This was not 
seen in the large study by Eckelund et al. (2011), where no difference was ob-
served in annual weight change between inactive and active subjects. However, 
many other studies have found that physical activity slows down weight gain 
(Haapanen et al. 1997b, Droyvold et al. 2004, Hankinson et al. 2010, Lee et al. 
2010), although these studies had shorter follow-ups, were based on analyses of 
unrelated individuals and the reduction in weight gain often depended on sex, 
age or baseline BMI. Hankinson et al. (2010) found that a high level of physical 
activity was associated with slower weight gain in women but less so in men. 
Interestingly, this was the opposite in the present study as a difference in 
weight gain was seen in men but not in women. In the present study, the active 
co-twins were more likely to maintain their weight (� 2 kg increase during 30 
years) compared to the inactive co-twins. A study by Lee et al. (2010) found that 
women who successfully maintained normal weight (fewer than 2.3 kg weight 
gain over 13 years) averaged approximately 60 minutes a day of moderate-
intensity activity throughout, which resembles that seen among subjects who 
maintained their weight in the present study, where the mean MET index for 
active weight maintainers for 30 years was 8.9 MET h/day. Hill and Wyatt 
(2005) proposed that physical activity is important for weight maintenance be-
cause of its impact on energy expenditure and effects on body composition 
through enhancing fat-free mass and increasing total fat oxidation.  

Weight may increase once participation in physical activity is reduced, in-
dicating the need to adjust the diet during periods of inactivity. This increase in 
weight was seen in the not consistently discordant pairs, whereas weight was 
significantly different between the inactive and active co-twins in 1981, al-
though no longer in 2005. However, it is noteworthy that the weight increase 
from 1975 to 2005 tended to be lower in both of the not consistently discordant 
twin pair members (means 9.1 and 9.6 kg) than in the inactive members of the 
consistently discordant pairs (13.0 kg). Thus, on the basis of the non-paired 
analyses, and also in accordance with Schmitz et al. (2000), periodical participa-
tion in physical activity also seems to slow down long-term weight gain. The 
results of the truly prospective design (activity discordance 1975 – 1981 and 
weight gain 1981 - 2005), however, showed similar weight gain for both inactive 
and active co-twins (p=0.64) among all 89 pairs. This could be explained by 
converging amounts of physical activity, as most of the active co-twins reduced 
their amount of activity while the inactive co-twins slightly increased it or it 
remained the same. Although the prospective design did not show a difference 
in weight gain between inactive and active co-twins, the final cross-sectional 
design showed a significant difference in major weight gain (�15 kg), weight 
maintenance (�2 kg) and waist circumference at follow-up. This could partly be 
explained by reverse causality as a decrease in weight might lead to increased 
participation in physical activity or vice versa (Pietilainen et al. 2008). In our 
study even a small increase in exercise habits in the passive co-twins seemed to 
slow down weight gain, although persistent activity was more beneficial. The 
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correlation between pairwise differences in mean MET and in weight gain was 
significant (r=-0.28, p=0.008), reinforcing the dose-response relationship be-
tween long-term physical activity and a slow rate of weight gain.  

As expected, in the present study waist circumference was clearly lower in 
the active compared with inactive co-twins at follow-up. This has also been 
found in other studies (Sternfeld et al. 2004, Ekelund et al. 2011). It has been 
shown that while increasing physical activity over time may not always reduce 
body weight, it often induces changes in body composition and body fat distri-
bution, such as reductions in abdominal fat (Ross et al. 2004, Leskinen et al. 
2009, Ekelund et al. 2011). A review in 2006 (Kay & Fiatarone Singh 2006) con-
cluded that physical activity seems to have a beneficial influence on reductions 
in abdominal and visceral fat in overweight and obese subjects when using im-
aging techniques, although such changes were not necessarily observed in waist 
circumference. This indicates that the difference in fat in abdominal area might 
have been even larger in this study had more sensitive measurements been 
used. A ten-centimetre difference in waist circumference has high clinical sig-
nificance, as this measurement has a strict association with other manifestations 
metabolic syndrome (Eckel et al. 2005). An increase in waist circumference of 
about ten centimetres has been shown to increase the risk of at least one other 
CVD risk factor (OR) by 4.6-fold in men and by 2.6-fold in women (Han et al. 
1995) and type 2 diabetes (RR) by 5.0-fold in men (Wang et al. 2005). A twin 
study by Rönnemaa et al. (1997) found that among middle-aged identical twins 
discordant for obesity, only those who differed most in visceral fat level exhib-
ited major alterations in insulin sensitivity and glucose tolerance.  

The same genes may predict lower weight gain as well as make it easier 
for some individuals to exercise more. However, it was observed that whit con-
tinuous activity discordance, the trend was same for both zygosities in all our 
outcome measurements, although the number of monozygotic pairs did not 
permit strong inference. As the trend was the same in both monozygotic and 
dizygotic pairs and the difference in outcome was relatively high also whitin 
the monozygotic pairs (12.6 kg in weight gain and 12.6 cm in waist circumfer-
ence), it is likely that the association is also present in genetically controlled 
conditions. The significant difference in the dizygotic pairs indicates that the 
association between physical activity and the outcome variables are not due to 
childhood environmental effects.  

6.3 Type 2 diabetes 

The reduced risk of type 2 diabetes was seen in several different analyses. The 
findings from the telephone interview data showed that in DZ, but not in MZ 
pairs, the active co-twins were more likely to have either type 2 diabetes or pre-
diabetes (elevated blood glucose) compared to inactive co-twins (study II), sug-
gesting a possible gene-physical activity interaction, such as documented for 
the FTO gene (Andreasen et al. 2008) for physical activity in BMI and glucose 



61 
 
metabolism parameters. In the 28-year prospective follow-up study (study IV) 
the association between leisure-time physical activity and reduced risk for type 
2 diabetes was even more evident, as now the difference was observed in the 
pairwise analyses among both MZ and DZ pairs, and therefore genetic predis-
position and childhood home environment were controlled for. It can therefore 
be assumed that physical activity independently protects against or at least 
slows down the development of type 2 diabetes, as many unmeasured con-
founding factors (both genetic and environmental) are controlled for by the co-
twin control design. These findings are consistent with those of earlier popula-
tion-based studies (Hu et al. 1999, Folsom et al. 2000, Hu et al. 2003, Jeon et al. 
2007, Gill & Cooper 2008, Demakakos et al. 2010). However, this study had a 
longer follow-up time and was able to investigate the issue in genetically con-
trolled subjects. No other similar longitudinal study on twins have been re-
ported.  

Because obesity is the major independent predictor of type 2 diabetes, the 
analyses should be adjusted for BMI. In many previous studies, adjustment for 
BMI has markedly attenuated the association between physical activity and risk 
for diabetes (Gill & Cooper 2008). In the present study adjustment for BMI was 
done in the whole cohort study. Baseline BMI adjustment removed the associa-
tion in the individual analyses; however, the hazard ratios persisted at a similar 
level in pairwise analyses even after the BMI adjustments. This might be ex-
plained by the similar body mass indices of both individuals in each pair de-
spite their difference in the amount of physical activity. However, use of BMI as 
a covariate may be problematic as it seems to be a concomitant variable. It can 
modify the physical activity – type 2 diabetes interaction in two ways. High 
BMI may lead to inactivity and then to type 2 diabetes or other way around: 
inactivity may lead to higher BMI and then to type 2 diabetes. It is also prob-
lematic as both high muscle mass and high fat mass contribute to high BMI. 
Also, high BMI does not indicate the place of fat mass in the body. This was 
shown in the present study among a smaller cohort, where despite the lack of 
statistically significant differences in BMI between the physically active and 
inactive members of twin pairs, physical activity reduced waist circumference. 
Another twin-study has shown similarly that leisure-time physical activity did 
not reduce BMI but reduced high-risk body fat (ectopic fat stores, liver fat and 
visceral fat) while maintaining skeletal muscle mass and function (Leskinen et 
al. 2009), leading to lowered type 2 diabetes risk independent of BMI. It is also 
possible that the results from the BMI-adjusted analyses are over–adjusted as 
physical activity may reduce type 2 diabetes by also independently reducing 
BMI. 

Physical activity is an important modulator in diabetes risk for two main 
reasons, first, by preventing and reducing obesity (Gill & Cooper 2008) and, 
second, by independently delaying the initiation and progression of the dys-
regulation of glucose metabolism which ultimately leads to type 2 diabetes 
(LaMonte et al. 2005). Physical activity or exercise training has been proven to 
influence many mechanisms that enhance glucose tolerance and the insulin sen-
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sitivity of skeletal muscles (Tresierras & Balady 2009) and therefore prevent 
type 2 diabetes. More specifically, physical activity or exercise training has been 
shown to reduce visceral fat (Leskinen et al. 2009), improve skeletal muscle in-
sulin sensitivity (Zierath 2002, Wang et al. 2009) and increase the oxidative ca-
pacity of skeletal muscle, all factors which correlate with insulin sensitivity 
(Bruce et al. 2004), and also leads to increased/modified fat oxidation, most 
likely preventing lipid-mediated insulin resistance (Slentz et al. 2009). 

The evidence to date on the dose-response relationship regarding the 
amount of physical activity needed to prevent type 2 diabetes remains conflict-
ing (Physical Activity Guidelines Advisory Committee 2008). In this study any 
amount of physical activity seemed to reduce the risk for type 2 diabetes, as 
shown by the pairwise analyses. As little physical activity as 0.6 – 1.3 MET 
hours/day (4.2 – 9.1 MET hours/week) produced significant results compared 
to sedentariness, including among MZ pairs. 4 – 9 MET hours/week is equiva-
lent to one to two hours of moderate intensity exercise weekly, which is less 
than the generally advised 150 minutes of moderate intensity exercise per week 
(Physical Activity Guidelines Advisory Committee 2008). Some evidence is now 
also available that even low intensity activity only once a week might be associ-
ated with reduced type 2 diabetes risk, especially in older adults (Demakakos et 
al. 2010). The hazard ratios in the pairwise analyses were similar across all the 
physical activity quintiles (II – V), indicating that total inactivity in particular is 
a predictor of future type 2 diabetes. Gill and Cooper (2008) also summarized 
that all levels of activity above a sedentary baseline appear to be beneficial in 
type 2 diabetes prevention.� It has also been shown that sedentary a lifestyle, 
such as TV watching, is associated with a significantly increased risk of type 2 
diabetes (Hu et al. 2003). However, in the present study it is possible that, dur-
ing such a long follow-up, individuals who at baseline reported the highest 
amount of exercise reduced their exercise levels during follow-up, which may 
explain the flattening of the dose-response curve. The dose-response relation 
between physical activity and the occurrence of type 2 diabetes, and particu-
larly the role of the intensity of activity, still remain unclear. 

6.4 Other conditions 

In the present longitudinal follow-up study on twins discordant for physical 
activity, the active co-twins reported less breathlessness than their inactive co-
twins during the performance of specific daily tasks. This would be expected as 
the most direct effect of physical training is an increase in fitness, which is also 
known to reduce disease risk (Lakka et al. 1994, Blair et al. 2001). In the present 
study the active co-twins also had decreased risk for elevated blood pressure or 
hypertension. This was seen in two separate analyses, self-reports and reim-
bursed medication analyses among all and DZ pairs. The active co-twins re-
ported greater life satisfaction at follow-up. They had been hospitalised less 
often and for shorter times compared to their inactive co-twins. The active co-
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twins also showed a tendency towards fewer chronic diseases and less self-
reported medication use, especially psychiatric medications. In contrast, the 
active co-twins showed a tendency towards having more sports-related injuries 
at follow-up than their inactive co-twins. As more inactive than active co-twins 
had before the follow-up, it would be expected that these results would be fur-
ther emphasised if the whole cohort had remained alive. 

In line with these results it has been well documented in previous studies 
and reviews that physical activity is effective in the primary and secondary 
prevention of several chronic diseases, such as cardiovascular disease, diabetes, 
cancer, hypertension, obesity, depression and osteoporosis (Warburton et al. 
2006, Brown et al. 2007, Physical Activity Guidelines Advisory Committee 2008). 
Although, in this study, no difference was found in self-reported and physician-
diagnosed depression between the inactive and active co-twins, the active co-
twins reported greater life satisfaction and less physician-described psychiatric 
medications at the follow-up. This could be explained by the effect of physical 
activity on increased life satisfaction, and therefore possibly to a lower need for 
antidepressant. However, a review by Rejeski and Mihalko (2001) reported lack 
of consistency in the results of previous studies on physical activity and life sat-
isfaction in older adults, with only some studies reporting positive effects. 
Lower use of psychiatric medication is supported by a recent meta-analysis 
which indicated that clinically depressed patients who had been randomised 
into the exercise treatment group had significant alleviation of depressive 
symptoms than those receiving the control treatment (Rethorst et al. 2009).  

The active co-twins seemed to have more musculoskeletal problems and 
sports related injuries, as 30.5% of the inactive and 44.2 % of the active subjects 
reported having had at least one sports-related injury during the follow-up. 
Hootman et al. (2002) studied adults who participated in various levels of rec-
reational physical activity and found that 25% of subjects had sustained a mus-
culoskeletal injury within the 12 months preceding the survey and that sports 
participants had the highest risk for injuries. In the present study, the risk of a 
sport-related injury was 1.87 among the active compared to inactive co-twins. A 
similar risk has been reported in another study, while an active person had 
1.53-fold (95% CI, 1.19–1.98) greater change of reporting a sport- or leisure-time 
activity-related injury than an inactive person (Carlson et al. 2006). Although, in 
this thesis, the active co-twins had slightly more injuries, the true number of 
injuries could have been even higher as only injuries that had been diagnosed 
by a physician were included in our study. It is very likely that only the more 
severe sports-related/musculoskeletal injuries were reported to a physician and 
therefore less severe injuries were excluded from our study.  

6.5 Study strengths and limitations 

The main strengths of this study were a very long follow-up period and a twin 
study design. Most of the analyses used a co-twin control design which is very 
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effective for studying different traits and different environmental risk factors, 
especially if the studied trait is heritable (Duffy 2000). As the twin sister or 
brother is used as the control, the genetic factors and childhood environment 
can be reliably controlled for. This study used twin pairs comprehensively se-
lected from the large Finnish Twin Cohort, which included all the same-sex 
twin pairs born in Finland before 1958 (mean age at 1975 baseline among 146 
pairs was 30 years) and with both co-twins alive in 1967 (Kaprio & Koskenvuo 
2002). However, it has been discussed whether the results obtained from twin 
studies are generalisable. In general, twins are considered to be similar to other 
people in the same birth cohort in the same nation, and no clear evidence has 
been found that deviations in the assumptions impair the ability to interpret or 
generalise from twin studies (Kyvik 2000). However, as De Silva and Frayling 
(2010) pointed out, many epidemiological studies have found an association 
between reduced birth weight and the development of type 2 diabetes. Also it 
has been discussed that the prenatal nutritional limitation, causing reductions 
in fetal growth, might lead to increased risk for disease later life (Gluckman et 
al. 2011). In particular, metabolic compromises are possible due to mismatch 
between reduced fetal nutrition and a nutritionally rich postnatal world 
(Gluckman et al. 2011). This might be true among twins as they might have less 
food in the uterus compared to singletons. Therefore, it means that the twins in 
this study might have had slightly increased risk for type 2 diabetes compared 
to the non-twin population, as was seen among elderly twins in a study by 
Poulsen et al. (2008). However, this was a relatively small and selected sample 
and included only elderly twins. Despite a slightly lower birth weight in MZ 
twins, MZ twins weigh a little less in adolescence and either weigh less or do 
not differ from DZ twins in adulthood, and show no difference from MZ and 
DZ twins in T2D risk (Lehtovirta et al. 2010). Another Danish twin study also 
showed in an age-dependent model that low birth weight was associated with 
increased insulin sensitivity (Monrad et al. 2009). However, if this is the case, it 
should not change the T2D estimates according to physical activity, as all the 
subjects in this study were twins and therefore type 2 diabetes risk might have 
been elevated in all of the subjects.  

An additional strength of most of the analyses (studies I, II, III) was the 6-
year baseline assessment period during which physical activity discordance 
was assessed twice, indicating a true and long-term difference in this particular 
health habit during adulthood before the follow-up period began. A further 
strength of the diabetes study (study IV) was a large sample size. The sample 
included a very large proportion of all the same-sex twin pairs born in Finland 
before 1958 and therefore can be expected to be a good representation of the 
Finnish general population of that generation. Another important strength of 
the study was the use of reliable registers (hospital discharge, death registers 
and information on reimbursed medication) for identifying mortality dates and 
specific chronic diseases (type 2 diabetes, hypertension and CHD), which pro-
vided data on outcomes on all subjects. In particular, the number of false posi-
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tive type 2 diabetes cases in the data is very low if non-existent (Kujala et al. 
2003). 

One study limitation that relates to all the analyses was the use of self-
report physical activity and BMI data at baseline. However, these types of 
physical activity questions have commonly been used in epidemiological stud-
ies. In a study by Kujala et al. (1998), the same physical activity questions pre-
dicted morbidity and mortality in a fashion consistent with other studies using 
somewhat different measures providing external validation to the questions. 
The correlation between self-reported and measured BMI is very high (Mustelin 
et al. 2009). Retrospective physical activity data collection presents some limita-
tions; however, we observed moderate correlations between the different 
physical activity assessments in the study. These types of data collection meth-
ods are also commonly used in epidemiological physical activity research 
(Lagerros & Lagiou 2007). It would have been difficult to measure total energy 
expenditure for thirty years to validate the retrospective physical activity as-
sessment. One of the limitations of the study is the lack of comprehensive data 
on dietary habits at baseline or during follow-up, but it would have been im-
possible to collect reliable dietary data for such a long period with current data 
collection methods.  

To maximize the participation rate and minimize selection bias, a tele-
phone interview-based study was conducted, with the result that the informa-
tion was self-reported rather than based on data gathered from laboratory tests, 
medical registers or subjects’ formal medical notes. Weight, height and waist 
circumference were all measured by the participants. Although self-
measurements are a limitation, as stated earlier, self-reports and measured val-
ues have a high correlation and have been shown to be valid and clinically rele-
vant. Although the medical information was also self-reported, studies have 
shown that agreement between self-reported medical history and medical re-
cords is generally good, especially with respect to well-known chronic diseases 
(Haapanen et al. 1997a, Okura et al. 2004). Recall bias due to subjects not re-
membering all their diseases is an issue in twin studies if recall between active 
and inactive co-twins differ; active subjects may have a better memory for inju-
ries and musculoskeletal disorders as these would have affected an important 
part of their life more than in the case of inactive subjects, thus biasing the risk 
estimates upwards. However, subjects with severe dementia and subjects who 
had died did not participate.  

Despite the fact that we started with a large population-based twin cohort, 
the number of twin pairs discordant for physical activity was relatively small 
(146 pairs). Small sample size is a limitation, especially when studying diseases 
and mortality as outcomes. The mortality rate was low as only 8.2% of the 
original sample had died; likewise the number of outcomes was small for medi-
cations and self-reported diseases. The reason for finding a low number of twin 
pairs discordant for disease could either be due to diseases occurring in both co-
twins for genetic reasons or to having a relatively young (mean age of subjects 
was 30.1 years in 1975 among 146 pairs) and healthy (exclusion of subjects with 
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any disease but hypertension) study cohort at baseline. Also, one co-twins in 
each pair was relatively active, indicating the existence of a healthy lifestyle for 
at least half of the subjects, while the other half were genetically closely related. 
Due to the low numbers of incidences it was not possible to adjust the inter-
view-based disease analyses with known covariates; only the reimbursed medi-
cation analyses for hypertension were adjusted for work-related physical activ-
ity among the 146 pairs. The study design adjusts for gender, age and shared 
familial factors, and it is known that twins show similar health habits more of-
ten than do unrelated subjects. The mortality analyses were adjusted separately 
for social class and work-related physical activity and additionally for smoking 
and alcohol; neither adjustments changed the hazard ratios (results not shown).  

The optimal study design for this type of analysis (co-twin control design) 
would have been to use a large sample of activity-discordant MZ pairs. How-
ever, even in this initially large twin cohort there were not sufficient numbers of 
discordant MZ pairs. Although the selection procedure was comprehensive and 
all the pairs that fulfilled the criteria were included in the study, the number of 
such MZ pairs was very small. Therefore, for the main analyses, the MZ pairs 
were pooled together with the DZ pairs. From among the baseline cohort of 
5663 (31% MZ and 63% DZ) healthy twin pairs, a sub-sample of 146 (20% MZ 
and 80% DZ) pairs were selected for the follow-up study. The reduced number 
of MZ pairs in our sample is probably due to the earlier findings that MZ pairs 
consistently discordant for common traits are rare (Lauderdale et al. 1997, Ku-
jala et al. 1998), as was also the case in this study, where only 5 MZ pairs out of 
42 pairs were consistently discordant for physical activity for 30 years. In addi-
tion, the high heritability of persistent physical activity (Stubbe et al. 2006) 
makes it difficult to find MZ twin pairs discordant for both physical activity 
and mortality or chronic diseases. The number of MZ pairs, the relatively small 
overall sample size and the small number of outcome events among the MZ 
twin pairs in all the analyses do not allow conclusions to be drawn separately 
for MZ pairs. Even the large diabetes study (study IV), with over 20 000 indi-
viduals had a relatively low number of MZ pairs discordant for activity and 
diabetes. This is an unfortunate limitation, and therefore the effect of genetic 
predisposition cannot be excluded in the mortality and chronic diseases analy-
ses, except for type 2 diabetes. The significant difference in the DZ pairs sug-
gests that the association between physical activity and the outcome variables is 
not due to childhood environmental effects. As it was only assumed that the 
childhood environment was the same for both co-twins, it is therefore possible 
that some differences in non-shared environmental effects outside the home are 
present.  

The diabetes study (study IV) also has a few other limitations. Baseline 
undiagnosed cases of type 2 diabetes or prediabetes cases were not excluded 
from the data as no clinical tests were done for the subjects at the baseline. To 
remove the confounding factors due to disease, a subgroup of 13 291, presuma-
bly healthy, individuals in 1981 was analysed. For these individuals the follow-
up started from January 1982. This long delay between the baseline in 1975 and 
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start of the diabetes follow-up in 1982 would most likely have eliminated all the 
prediabetes cases that would have been present in 1975. As stated earlier, the 
reimbursed medication register is very reliable, but it, too, has the limitation 
that diagnoses of type 2 diabetes tend to be delayed, which in turn means a de-
lay in granting the right to reimbursed medication. However, this would only 
bias the results if the delay differed by physical activity category, which is 
unlikely. Biochemical assessment of all subjects for follow-up status would have 
been ideal. In practice repeated measures of glucose metabolism from all sub-
jects would not have been possible, as this may also lead to participation bias 
based on the presence of diabetes or related symptoms. Another limitation in 
our study relates to the use of baseline BMI as a covariate. This does not control 
for possible changes in BMI over time which are highly likely during such a 
long follow-up. More detailed measures of body composition in 1975 would 
have been desirable but were not available. However, BMI, waist circumference, 
and waist/hip ratio, are all similarly associated with incident diabetes (Vazquez 
et al. 2007) and therefore the use of, for example, waist circumference over BMI 
would not have been necessary. 

6.6 Future directions 

The present study supports the existing literature, clearly showing that leisure-
time physical activity is associated with reduced all-cause mortality. However, 
this issue needs to be studied further, as no difference was seen in the low 
number of MZ pairs. Possibly this issue could be investigated using interna-
tionally pooled datasets.  

It would be interesting to study the association between physical activity 
and type 2 diabetes in more depth. For example, to study the dose-response 
issue further, by analysing the data differently with more MET index categories. 
Analyses similar of those of the present study could also be conducted for dif-
ferent types of baseline physical activity, for example different intensities of 
activity or effect of work-related physical activity. Also, it would be interesting 
to combine the physical activity information from 1975 and 1981 to see what 
happens if changes in physical activity occur during this period and if so, what 
effects they have. Again, data from international twin registers could be pooled 
to study larger volumes of MZ pairs. It would also be interesting to combine the 
results of the diabetes study (study IV) with health-economic modelling and 
calculate the potential savings in health care costs that could be achieved by 
increased physical activity, e.g. in the reduced use of chronic medications, labo-
ratory tests and in- and out-patient visits and in productivity at work.  

The reimbursed medication registers could be more widely used to ana-
lyse other chronic conditions in the same fashion as was done for type 2 diabe-
tes in this study (study IV). For example hypertension, asthma and depres-
sion/psychiatric medications could be studied using the reimbursed medica-
tion registers, as the participants self-reports showed these to have increased. 



  
 

7 MAIN FINDINGS AND CONCLUSIONS 

The main findings of the present study can be summarized as follows: 
 

1. Leisure-time physical activity protects against type 2 diabetes, also after 
controlled for genetics and childhood environment. Pairwise analyses 
showed that the BMI-adjusted hazard ratio was lower in the co-twins 
who were physically active (HR 0.54; 95% CI 0.37-0.78). 

2. Consistent physical activity for 30 years during adulthood slowed down 
weight gain by 5.4 kg and resulted in 8.4 cm smaller waist circumference 
in the active compared to inactive co-twins. 

3. Subjects who were physically active at baseline were more likely to show 
similar weight at the 30-year follow-up; weight maintenance was even 
more likely if activity was continued throughout adulthood. 

4. The physically active co-twins had decreased premature mortality com-
pared to their inactive co-twins among the DZ pairs. 

5. The active co-twins tended to have less elevated blood pressure, psychi-
atric medications, better life satisfaction, less hospitalization, but more 
sports-related injuries. A physically active lifestyle thus outweighs the 
adverse effects even after taking familial effects into account. 

6. Genetic factors may play a role in explaining some of the associations be-
tween disease occurrence and physical activity, as some of the findings 
were more salient among the dizygotic than monozygotic twin pairs dis-
cordant for physical activity. 
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YHTEENVETO 

Vapaa-ajan liikunta, painonnousu ja terveys - yli 20 vuoden seurantatutki-
mus kaksosilla 
 
Elämäntapasairauksiin luokitelluista tyypin 2 diabeteksesta ja lihavuudesta on 
tullut maailmanlaajuisia ongelmia. Näiden sairauksien lisääntymisen yhtenä 
syynä on liikkumattomuus. Liikunnan tiedetäänkin vaikuttavan ennaltaeh-
käisevästi näihin ja moniin muihin kroonisiin sairauksiin sekä vähentävän en-
nenaikaisia kuolemia. Myös perimän tiedetään vaikuttavan sekä liikunta-
aktiivisuuteen että sairauksien esiintyvyyteen ja puhkeamiseen. Liikunnan vai-
kutusta eri sairauksien ennaltaehkäisyyn on tutkittu paljon laajoissa väestöä 
havainnoivissa pitkittäistutkimuksissa, mutta niissä ei ole otettu huomioon pe-
rintötekijöiden vaikutusta. Lisäksi pitkän seuranta-ajan omaavia satunnaistettu-
ja kontrolloituja hoitotutkimuksia aiheesta ei juuri ole. Tämän väitöskirjatutki-
muksen tavoitteena on saada selville, suojaako vapaa-ajan liikunta erilaisilta 
kroonisilta ja metabolisen oireyhtymän sairauksilta, ennenaikaisilta kuolemilta 
ja hidastaako liikunta tyypin 2 diabeteksen puhkeamista yli 20 vuoden seuran-
nan aikana, kun geenit ja lapsuuden ympäristö otetaan huomioon. Geneettiset 
tekijät voidaan kontrolloida kaksostutkimusasetelmalla. 

Näiden tavoitteiden saavuttamiseksi tutkimuksessa analysoitiin liikunnan 
suhteen eroavia kaksospareja. Aineisto perustuu suomalaiseen kaksoskohortti-
tutkimukseen, jossa ensimmäiset kyselyt tehtiin vuosina 1975 ja 1981. Vuoden 
1975 tutkimuskohorttiin kuuluivat väestörekisterijärjestelmästä tunnistetut 
Suomessa ennen vuotta 1958 syntyneet samaa sukupuolta olevat kaksosparit. 
Kyselyt sisälsivät kysymyksiä mm. liikunta-aktiivisuudesta, jonka perusteella 
laskettiin MET indeksi (MET h/päivä). Tutkimukseen otettiin mukaan ne kak-
sosparit, joiden jäsenet olivat terveitä vuosina 1975 ja 1981 ja erosivat toisistaan 
liikunnan määrän ja rasittavuuden suhteen. Yhteensä 146 kaksosparia oli lii-
kunnan suhteen eroavia molempina vuosina. Kuolemia seurattiin 1.1.1982 – 
31.12.2004 välisenä aikana. Vuoden 2005 puhelinhaastatteluun otettiin mukaan 
kaikki suomenkieliset Suomessa asuvat ja elossa olevat liikunnan suhteen eroa-
vat kaksosparit. Vuoden 2005 haastatteluun vastasi yhteensä 203 yksittäistä 
kaksosta sisältäen 95 kaksosparia (76 ditsygoottista eli epäidenttistä ja 19 mono-
tsygoottista eli identtistä paria). Haastatteluun vastanneiden keski-ikä oli 58 
vuotta (47–79). Haastattelu sisälsi kysymyksiä liikunnan jatkuvuudesta, painos-
ta, sairauksista (mm. diabeteksesta, sydän- ja verisuonisairauksista, keuhkosai-
rauksista ja TULES-vaivoista) ja lääkkeiden käytöstä. Liikunnan vaikutusta 
tyypin 2 diabeteksen ehkäisyyn haluttiin selvittää tarkemmin isommalla otan-
nalla, joten yhteen osatutkimukseen otettiin mukaan kaikki vuoden 1975 kyse-
lyyn vastanneet. Seurannan alussa vuonna 1975 kohorttiin kuului yhteensä 
20 487 henkilöä, joilla ei ollut diabetesta, ja jotka olivat vastanneet liikunta-
aktiivisuutta, pituutta ja painoa koskeviin kysymyksiin. MET-indeksin perus-
teella kaksoset jaettiin viiteen yhtä suureen luokkaan ja näitä luokkia käytettiin 
tyypin 2 diabeteksen ennustajina. Luokkaan I kuuluivat täysin inaktiiviset (< 
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0.59 MET h/päivä) ja luokkaan V erittäin aktiiviset (> 4.50 MET h/päivä). Tieto 
tyypin 2 diabeteksesta seuranta-ajalle 1.1.1976 – 31.12.2004 kerättiin kansallisis-
ta rekisteritiedostoista, lähinnä KELAn erityislääkekorvaustiedoista. Analyysit 
tehtiin yksilö- ja/tai parittaisanalyysein t-testiä, McNemarin testiä, logistista 
regressiota ja elinaika-analyysimallia käyttäen. 

Tässä tutkimuksessa 146 liikunnan suhteen eroavan kaksosparin joukosta 
yhteensä 24 kaksosta kuoli (16 inaktiivista ja 8 aktiivista) vuoden 2004 loppuun 
mennessä. Tämä osoitti, että aktiivisilla kaksosilla oli pienentynyt riski kuolla 
ennenaikaisesti inaktiivisiin verrattuna (HR 0.39, luottamusväli 0.18 – 0.85). 
Tämä ero ei ollut nähtävissä identtisillä kaksosilla. Puhelinhaastattelun perus-
teella aktiivisilla kaksosilla oli vähemmän tyypin 2 diabetesta tai diabeteksen 
esiastetta, korkeaa verenpainetta sekä vähemmän psyykkisten sairauksien hoi-
toon käytettäviä lääkkeitä kuin inaktiiveilla kaksosilla. Lisäksi aktiiviset kakso-
set olivat tyytyväisempiä elämäänsä ja olivat viettäneet vähemmän öitä sairaa-
lassa inaktiivisiin verrattuna. Seurannan aikana aktiivisilla kaksosilla oli havait-
tavissa enemmän liikunnan yhteydessä ilmaantuvia vammoja kuin inaktiiveilla 
kaksosilla. Haastatteluun vastanneiden kaksosparien joukossa oli yhteensä 42 
paria, jotka olivat liikunnan suhteen eroavia 30 vuoden ajan. Näiden parien 
osalta liikuntaa pysyvästi harrastaneet parien jäsenet olivat lihoneet keskimärin 
5.4 kg vähemmän ja heillä oli 8.4 cm pienempi vyötärönympärys vuonna 2005 
verrattuna heidän liikkumattomaan kaksosveljeensä/siskoonsa. 

Tarkempi tyypin 2 diabeteksen seuranta koko kohortilla osoitti, että 28 
vuoden aikana ilmaantui yhteensä 1082 tyypin 2 diabetes -tapausta. Yksilöana-
lyysien mukaan henkilöillä, joiden liikunta-aktiivisuus oli suurinta eli MET-
luokissa III – V (HR 0.73, 0.78, 0.74) oli tilastollisesti merkitsevästi pienempi to-
dennäköisyys saada tyypin 2 diabetes seurannan aikana kuin inaktiivisilla hen-
kilöillä (MET-luokka I). Nämä erot eivät olleet merkitseviä, kun malli vakioitiin 
painoindeksillä. Parittaisanalyysi liikunnan suhteen eroavilla pareilla osoitti, 
että liikunnallisesti aktiivisemmilla kaksosilla (luokat II – V) oli pienempi to-
dennäköisyys sairastua tyypin 2 diabetekseen seurannan aikana verrattuna 
kaksosparin inaktiivisiin jäseniin (HR 0.61, 0.59, 0.61, 0.61). Nämä erot säilyivät 
merkitsevinä myös painoindeksillä vakioimisen jälkeen. Painoindeksin huomi-
oonottava parittaisanalyysi, jossa verrattiin täysin inaktiivisia (luokka I) kaik-
kiin aktiiveihin (luokat II-V yhdistettynä) osoitti, että vähäinenkin aktiivisuus 
puolitti riskin (HR 0.54, luottamusvälit 0.37-0.78) sairastua tyypin 2 diabetek-
seen seurannan aikana. Tulokset olivat samanlaiset tarkasteltaessa identtisiä ja 
epäidenttisiä pareja. 

Tämän kaksospareilla tehdyn pitkittäistutkimuksen mukaan vapaa-ajan 
liikunta näyttää ennaltaehkäisevän ennen kaikkea metaboliseen oireyhtymään 
liitettyjä tekijöitä, painon nousua, lisääntynyttä vyötärönympärystä, korkeaa 
verenpainetta ja tyypin 2 diabetesta. Lisäksi aktiiviset henkilöt näyttävät olevan 
tyytyväisempiä elämäänsä seurannan aikana, vaikkakin liikuntaa harrastavilla 
vaikuttaa olevan enemmän liikunnan yhteydessä ilmaantuvia vammoja inaktii-
veihin kaksosiinsa verrattuna. Liikunta näyttää ennaltaehkäisevän tyypin 2 
diabetesta myös silloin, kun painoindeksi ja geneettiset tekijät on huomioitu. Jo 
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vähäinenkin vapaa-ajan liikunta näyttää suojaavan tyypin 2 diabetekseen sai-
rastumiselta tai hidastavan sen puhkeamista. Muiden sairauksien osalta geneet-
tiset tekijät saattavat osaksi selittää liikunnan ennaltaehkäiseviä vaikutuksia, 
koska tulokset olivat selkeämpiä epäidenttisillä kuin identtisillä kaksosilla, 
vaikkakin vähäinen identtisten kaksosparien määrä rajoittaa luotettavien johto-
päätösten tekemistä. Näyttää kuitenkin siltä, että liikunnan positiiviset vaiku-
tukset ovat huomattavasti suuremmat kuin negatiiviset vaikutukset.  
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Abstract The aim of this study was to find out whether

persistent leisure-time physical activity, adjusted for

genetic liability and childhood experiences, protect against

occurrence of specific chronic diseases and all-cause

mortality. Study design was a 24-year prospective follow-

up after 6-year physical activity discordance in twin pairs.

From 5,663 healthy adult twin pairs, 146 pairs (including

29 mozygotic) discordant for both intensity and volume of

leisure physical activity at baseline in both 1975 and 1981

were systematically identified. Mortality and occurrence of

chronic diseases (diabetes, hypertension, coronary heart

disease defined according to reimbursable medication sta-

tus) were followed for the period 1.1.1983–31.12.2006 for

mortality and 1.1.1983–31.12.2004 for diseases. By end of

follow-up, 19 inactive and 10 active co-twins had died. In

the whole sample, HR of death adjusted for social class was

2.08 (95% CI 1.06–4.09) for inactive vs. active co-twins,

the HR being 2.67 (95% CI 1.15–6.20) among DZ pairs

with no mortality difference among the smaller number

of discordant MZ pairs. The reimbursable medication

analyses showed a tendency of higher risk for inactive vs.

active co-twins.AmongDZpairs, HRof diabetesmedication

adjusted for social class was 2.73 (95% CI 0.62–12.00) and

HR of hypertension medication was 2.14 (95% CI

0.94–4.89). This study supports the earlier findings that

physical activity is associated with reduced mortality.

However the difference was seen only in DZ pairs and

therefore some residual genetic confounding effects on

mortality cannot be excluded.

Keywords Morbidity � Mortality � Physical activity �
Prospective follow-up � Twin studies

Abbreviations

DZ Dizygotic

MZ Monozygotic

Introduction

A sedentary lifestyle is one of the ten leading causes of

death and disability in the world, and approximately two

million deaths every year are estimated to be attributable to

physical inactivity [1]. The protective effect of physical

activity on coronary heart disease and all-cause mortality

has been reported in many observational studies [2–13].

The present evidence shows an inverse curvilinear dose–

response relation between physical activity and all-cause

mortality [14, 15]. However, this association has only been

investigated in observational studies and no randomized

controlled trials are available to support the findings [14,

15]. This association could also be affected by genetic

factors predisposing to sedentariness [16, 17], which also
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affects lifespan. A Swedish twin study by Carlsson et al.

[12] found that physical activity independently protects

against death. This study was able to tackle the issue of

genetic influence and shared environment, but the study

was conducted among healthy and already chronically

diseased subjects. Therefore, as stated by Rankinen and

Bouchard in the commentary [17], this study cannot be

used to conclude the matter.

The underlying causes of difference in mortality

between physically inactive and active subjects are mainly

deaths from metabolic syndrome and cardiovascular dis-

eases. Genetic selection and shared environmental factors

may play a role towards both physical activity and mor-

tality. For example if a person due to his/her genetic sus-

ceptibility becomes ill, gains weight or has naturally low

aerobic fitness this may lead to inactivity and cause

selection bias in observational studies. Various studies

have shown that physical fitness and ability to achieve high

levels of physical activity have genetic components [11,

18, 19]. Childhood environment has also been shown to

play a modest role in adult exercise behaviour [16]. Some

evidence show that inherited biological characteristics

facilitate some individuals to exercise and therefore

favour them with lower morbidity and mortality [11, 20,

21]. Twin [22] and adoption [23] studies have shown that

genetics may also have an important role as the under-

lying cause for mortality, for example Swedish and

Danish twin studies have suggested that the age at death

from CAD has moderate to high heritability [24–27].

Although Herskind et al. [28] estimated in a Danish twin

study that the heritability of longevity is quite low; i.e.

0.2, it was found in an analysis of Nordic twin data to

increase after age 60 [29].

In epidemiological studies, genetic selection and child-

hood environment may be important confounders when

studying the effect of physical activity on mortality as

explained in the previous paragraph. It is difficult to con-

duct a randomised controlled trial of the effect of physical

activity on morbidity and mortality with a long enough

follow-up period. Therefore we followed twin pairs pro-

spectively for 24 years, after initial 6-year baseline dis-

cordance in intensity and volume of leisure-time physical

activity, to study the association between physical activity

and all-cause mortality. A second aim was to study the

chronic disease mechanisms underlying the possible mor-

tality difference by studying differences in the occurrence

of diabetes, hypertension and coronary heart disease as

well as difference in cancer incidences between inactive

and active co-twins. Our twin pair study design takes into

account genetic predisposition (monozygotic twins) and

childhood home environment (monozygotic and dizygotic

twins). Monozygotic (MZ) pairs are genetically identical at

the sequence level and these genetic factors are controlled

for, while dizygotic (DZ) twins share on average half of

their segregating genes. Both (DZ and MZ) pairs nearly

always share the same childhood environment and there-

fore childhood home environment is controlled for among

both types of twins.

Methods

Subjects

The Finnish Twin Cohort includes all same-sex twin pairs

born in Finland before 1958 and with both co-twins alive in

1967 [30]. For this study, the initial inclusion criteria were

employment (including women working at home and stu-

dents) in 1981 and complete data on leisure-time physical

activity required for MET index calculations gathered by

postal surveys in 1975 and 1981. The subjects were

between 24 and 60 years of age on January 1, 1982

(n = 17,968) [11]. All pairs in which at least one of the

twins did not respond to both questionnaires, had died or

had a chronic disease, except hypertension, by the end of

1982 were excluded [8, 11, 30]. The healthy cohort com-

prised 5,663 same-sex twin pairs (3,551 dizygotic, 1,772

monozygotic and 340 pairs with unknown zygosity) [11].

Zygosity determination was based on an accurate and

validated questionnaire method [31]. Finally, included in

this study were 146 same-sex twin pairs who were dis-

cordant for leisure-time physical activity in both partici-

pation in vigorous activity and volume of activity in 1975

and 1981. The mean age of the subjects was 38.1 years at

the beginning of the follow-up (1.1.1983). The final study

cohort (146 pairs) consisted of 65 male and 81 female

pairs, of which 29 were monozygotic, 116 dizygotic and

one of uncertain zygosity.

Assessment of predictors

The subjects had been mailed similar questionnaires in

1975 and 1981. These included questions on weight,

height, physical activity, occupation, alcohol use, smoking

and physician-diagnosed diseases. Among those for whom

addresses were known (93.5% of subjects) in 1975, the

response rate for twin pairs was 87.6%. The response rate

among those responding in 1975 and alive in 1981 was

90.7% in 1981. Physical activity habits assessed by iden-

tical questions in 1975 and 1981 were used as the baseline

predictor in the present study. These data are considered to

be valid on the bases of earlier studies [8, 32–35]. Our

earlier analysis showed high correlations between physical

activity questions and physical activity data obtained by

interview [36]. In other prospective studies using the entire

twin cohort, low activity metabolic equivalent (MET)
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index has been shown to be a predictor of mortality, type 2

diabetes, coronary heart disease and hospitalization [8, 11,

37–39].

For the current study, 146 same-sex twin pairs were

comprehensively selected from the entire Finnish Twin

Cohort on the basis of discordance for leisure-time physical

activity both for participation in vigorous activity and

volume of activity (MET index) in 1975 and 1981.

Assessment of participation in vigorous physical activity in

1975 and 1981 was based on the following question: Is

your leisure-time physical activity about as strenuous on

average as: (1) walking, (2) alternately walking and jog-

ging, (3) jogging (light running), (4) running. Those who

chose alternatives 2, 3 or 4 were classified as participating

in vigorous activity. Assessment of the MET index was

based on a series of structured questions [8, 32] on leisure

physical activity (monthly frequency, mean duration and

mean intensity of sessions) and physical activity during the

journey to and from work. The index was calculated by

assigning a MET score to each activity and by calculating

the product of that activity: intensity x duration x frequency

[8]. The MET index was expressed as the sum-score of

leisure MET hours/day. Subjects whose volume of activity

was C2 MET hours/day (corresponding to about 30 min

walking per day) were classified as physically active

compared to their inactive co-twins whose level of activity

was \2 MET hours/day. In 1975 the leisure-time MET

index for 146 twin pairs was 4.59 MET hours/day for

active and 0.71 MET hours/day for inactive co-twins. In

1981 the MET index was 5.80 MET hours/day for active

and 0.84 MET hours/day for inactive co-twins. Similar

MET values were seen for men, women, and MZ and DZ

pairs.

For the present study self-reported smoking status, use

of alcohol, work-related physical activity at baseline in

1981 and social class in 1975 were used as covariates.

Smoking status was coded into four categories (never

smoked, former smoker, occasional smoker, and current

(daily) smoker) determined from responses to detailed

smoking history questions [34]. Alcohol use was a

dichotomous index of binge drinking and defined by

whether the subject had drunk at least five drinks on a

single occasion, at least monthly [33]. Social class had six

categories (for categories see Table 1), and the classifica-

tion was based on job title according to the Central Sta-

tistical Office of Finland [40]. Work-related physical

activity was used as a categorical variable with four-point

ordinal scale [11]. A four-question ordinal scale on life

satisfaction (LS) yielded a sum-score ranging between 4

and 20, with an increasing score indicating a decrease in

life satisfaction [41]. The life satisfaction scale correlates

well (r[ 0.6) with depressiveness on the Beck Depression

Inventory [41].

Mortality assessment

All-cause mortality during the follow-up was analysed. The

mortality follow-up began on January 1, 1983 and contin-

ued until December 31, 2006. For mortality assessment the

dates of death were available from the Population Register

Centre of Finland.

Assessment of reimbursed medication

To investigate the most likely causal pathways between

physical activity and reduced mortality, type 2 diabetes,

hypertension and coronary heart disease reimbursable

medications were analysed. The reimbursable medication

follow-up began on January 1, 1983 and continued until

December 31, 2004. Reimbursable medication information

for the 146 pairs was obtained from the Social Insurance

Institution of Finland, which is the agency responsible for

basic social security covering all residents of Finland [42].

The Social Insurance Institution of Finland reimburses

whole or part of the cost of necessary medications to

patients who have a medical certificate based on a diag-

nosis by a physician indicating the presence of a severe

chronic disease [43]. Although the register is not sensitive

to cases of a mild disease, it has very high validity and the

possibility of false positive cases is unlikely [42]. The date

of being granted the right to reimbursable medication was

used in the analysis.

Assessment of cancers

Information on cancers (primary site and time of diagnosis)

was obtained from the population-based Finnish Cancer

Registry. The cancer follow-up began on January 1, 1983

and continued until December 31, 2004. Having cancer

was determined according to the first diagnoses. Cancers

that physical activity is known to protect against, i.e. breast

cancer and colon cancer [44, 45], were also analysed sep-

arately as one group.

Statistical analysis

First, we conducted a mortality analysis and calculated

hazard ratios (HR) with their 95% confidence intervals (CI)

for 146 physical activity discordant twin pairs using the

Cox proportional hazard model clustering for family. We

then adjusted the model for social class, smoking status and

alcohol use at baseline by adding one covariate at the time

into the model. Similar analyses were carried out for

reimbursable medications and occurrence of cancers. Fol-

low-ups for all the endpoints were started on January 1,

1983, which allows for a lag of 1 year from the second

physical activity assessment. The follow-up ended on

Physical activity, morbidity and mortality in twins 733
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December 31, 2006 or at emigration or death and for the

medication analyses at the time when reimbursable

medication status was granted or for cancer analysis at

the time of the first cancer diagnosis or at end of follow-

up (31.12.2004). All of these analyses were then carried

out separately for MZ and DZ pairs. Three co-twins were

excluded from all of the analyses, as they had emigrated

before the follow-up start date, and 10 co-twins were

excluded from the hypertension and a combination

medication analyses, as these subjects had been granted

hypertension reimbursable medication before the follow-

up start date. Active co-twins were used as the reference

group in all of the analyses. To test whether the hazard

ratios differed by zygosity, a test of interaction between

physical activities within discordant pairs and zygosity

(MZ vs. DZ) was used. Data were analyzed with SPSS

14.0 for Windows [46] and STATA 9.0 [47] statistical

packages.

Results

The baseline characteristics of the study cohort for 1975

and 1981 are shown in Table 1. In both years there were

more inactive co-twins who had ever smoked regularly and

whose work-related physical activity was heavier when

compared with active co-twins. Inactive co-twins had

higher BMI in 1981 compared to their active co-twins.

Inactive co-twins were less satisfied with their life in 1975,

but this was not seen in 1981.

Table 1 Baseline characteristics in 1975 and 1981 for 146 twin pairs

146 pairs in 1975 146 pairs in 1981

Characteristics Inactive Active P value Inactive Active P value

Age (SD) 30.1 (8.1) 30.1 (8.1) 36.1 (8.1) 36.1 (8.1)

Height (SD) 168.5 (8.5) 169.5 (8.5) 0.027 168.8 (8.6) 169.6 (8.3) 0.065

Weight (SD) 64.6 (12.4) 64.9 (10.9) 0.73 68.1 (13.2) 66.3 (10.9) 0.036

BMI (SD) 22.6 (3.1) 22.5 (2.5) 0.59 23.8 (3.4) 23.0 (2.5) 0.003

Ever regular smoker, N (%) 83 (56.8%) 67 (45.9%) 0.037 85 (58.2%) 65 (44.5%) 0.008

Pack years smoked (SD) 4.2 (6.2) 2.6 (4.9) \0.001 6.9 (9.8) 3.4 (6.6) \0.001

Years smoked (SD) 9.9 (7.0) 7.7 (5.7) 0.003 15.0 (7.3) 11.5 (7.5) 0.002

Alcohol grams/day (SD) 8.1 (13.4) 9.0 (15.4) 0.49 8.4 (13.4) 7.5 (9.4) 0.46

Binge drinking, N (%) 30 (20.8%) 34 (23.6%) 0.59 36 (24.8%) 30 (20.7%) 0.39

Diagnosed hypertension, N (%) 8 (5.6%) 8 (5.6%) 1.00 15 (10.3%) 9 (6.2%) 0.26

Life satisfaction (SD)a 8.8 (2.7) 8.0 (2.5) 0.004 8.6 (2.6) 8.2 (2.9) 0.28

Marital status, N (%) 0.097 0.089

Single 42 (28.8%) 57 (39.0%) 28 (19.2%) 27 (18.5%)

Married 91 (62.3%) 83 (56.8%) 102 (69.9%) 99 (67.8%)

Divorced 6 (4.1%) 4 (2.7%) 6 (4.1%) 1 (0.7%)

Cohabiting 5 (3.4%) 2 (1.4%) 9 (6.2%) 17 (11.6%)

Widowed 2 (1.4%) 0 1 (0.7%) 2 (1.4%)

Work-related physical activity, N (%) 0.019 0.012

Sedentary 47 (32.4%) 57 (39.3%) 48 (33.3%) 64 (44.4%)

Standing or walking at work 26 (17.9%) 32 (22.1%) 23 (16.0%) 30 (20.8%)

Light manual labour 61 (42.1%) 52 (35.9%) 51 (35.4%) 43 (29.9%)

Heavy manual labour 11 (7.6%) 4 (2.8%) 22 (15.3%) 7 (4.9%)

Social class, N (%)

Upper white-collar worker 11 (7.5%) 13 (8.9%)

Clerical worker 48 (32.9%) 51 (34.9%)

Skilled worker 48 (32.9%) 52 (35.6%)

Unskilled worker 11 (7.5%) 11 (7.5%)

Farmer 19 (13.0%) 3 (2.1%)

Other (students, army, retired, unknown) 9 (6.2%) 16 (11.0%)

Plus-minus values are means ± SD
a The life satisfaction index was a four-question scale with sum-score ranging from 4 to 20, with an increasing score indicating a decrease in life

satisfaction
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Twenty-nine co-twins died during the follow-up

(1.1.1983–31.12.2006). Mean age for all deaths was

57.1 years, inactive co-twins died on average at age of 56

and active at age of 59.3 years. All together 19 inactive

and 10 active co-twins died, including 16 inactive and 7

active DZ co-twins and 3 inactive and 3 active MZ co-

twins. Among the 29 individuals who died during the

follow-up, both co-twins in 4 pairs died, including 2

active and 2 inactive co-twin who died before their co-

twins. Figure 1 shows the survival curves for inactive and

active co-twins. Inactive co-twins had increased risk of

death when compared with their active co-twins

(HR = 1.95, 95% CI 0.99–3.84). After adjusting for

social class, the HR was 2.08 (95% CI 1.06–4.09). When

adjusted for work-related physical activity instead of

social class the HR was 1.97 (95% CI 1.01–3.85).

Although the study had a fairly low number of subjects

and a low number of outcomes, we adjusted the model for

other covariates. The hazard ratios remained similar after

the further adjustments (Table 2). The hazard ratios

increased even further when the analyses were done for

DZ pairs only, the HR adjusted for social class being 2.67

(95% CI 1.15–6.20). When analysing MZ pairs, no dif-

ferences were seen between inactive and active co-twins.

The result of the activity discordance 9 zygosity inter-

action test for mortality was not significant.

DZ pairs
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Fig. 1 Survival curves for mortality for all physical activity discor-

dant pairs and for physical activity discordant DZ pairs

Table 2 Hazard ratios for death, cancers and reimbursable drug use for inactive co-twins compared with active co-twins, adjusted for variables

in 1975 (social class) or variables in 1981 (alcohol and smoking)

Discordant Social class adj. Social class, alcohol and smoking adj.

HR 95% CI P HR 95% CI P HR 95% CI P

All pairs

Mortality 1.95 0.99–3.84 0.054 2.08 1.06–4.10 0.034 2.04 0.94–4.42 0.072

Diabetesa 1.39 0.47–4.13 0.55 1.25 0.40–3.88 0.70 1.22 0.40–3.74 0.73

Hypertensiona 1.57 0.78–3.13 0.21 1.50 0.73–3.08 0.27 1.71 0.82–3.57 0.16

CHDa 1.21 0.54–2.72 0.65 1.08 0.40–2.91 0.89 0.96 0.21–4.43 0.96

All med.b 1.20 0.73–1.96 0.47 1.14 0.67–1.92 0.63 1.27 0.71–2.26 0.43

Cancersc 1.37 0.61–3.06 0.45 1.42 0.61–3.33 0.42 1.34 0.49–3.65 0.57

DZ pairs

Mortality 2.41 1.05–5.54 0.039 2.67 1.15–6.20 0.022 2.61 1.08–6.29 0.033

Diabetesa 2.91 0.74–11.4 0.13 2.73 0.62–12.00 0.18 2.61 0.58–11.73 0.21

Hypertensiona 2.19 1.00–4.78 0.049 2.14 0.94–4.89 0.072 1.97 0.80–4.87 0.14

CHDa 1.08 0.41–2.86 0.88 0.84 0.21–3.40 0.80 1.06 0.34–3.28 0.93

All med.b 1.49 0.85–2.62 0.17 1.39 0.73–2.65 0.32 1.46 0.72–2.96 0.30

Cancersc 1.50 0.63–3.60 0.36 1.52 0.60–3.85 0.38 1.56 0.54–4.53 0.41

MZ pairs

Mortality 0.96 0.35–2.60 0.93

Hypertensiona 0.44 0.08–2.57 0.36

All med.b 0.59 0.21–1.68 0.33

Cancersc 0.97 0.13–7.32 0.98

CI denotes confidence interval
a Reimbursable medication
b All medications includes diabetes, hypertension and CHD reimbursable medications
c Any cancer
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The reimbursable medication analyses showed that

among the 146 pairs, 23 inactive and 20 active co-twins (19

inactive and 14 active DZ co-twins) had at least one of the

studied reimbursable medications. Among the individual

medication groups, 8 inactive and 6 active co-twins had

medication for diabetes (8 inactive and 3 active DZ co-

twins), 18 inactive and 12 active co-twins (16 inactive and

8 active DZ co-twins) had medication for hypertension, and

7 inactive and 6 active co-twins (5 inactive and 5 active DZ

co-twins) had medication for coronary heart disease. The

reimbursable medication analyses showed a tendency for

higher hazard ratios for inactive vs. active co-twins. Fig-

ure 2 shows the survival curves for the combined medi-

cation variable for inactive and active co-twins. Among DZ

pairs, inactive co-twins had higher risk for hypertension

medication during the follow-up compared to their active co-

twins (HR = 2.19, 95% CI 1.00–4.78), when adjusting for

work-related physical activity HR was 2.21 (95% CI

1.02–4.79). Again, no differences were seen withinMZ pairs.

The cancer analyses showed that 12 inactive and 9

active co-twins (10 inactive and 7 active DZ co-twins) had

at least one cancer in any site during the follow-up. The

analyses showed that inactive co-twins had a slightly (but

statistically non-significantly) increased risk for any cancer

(Table 2) compared to their active co-twins (HR adjusted for

social class = 1.42, 95%CI 0.61–3.33). The physical activity-

related cancer analyses showed that 7 individuals, 4 inactive

and 3 active co-twins, had either breast or colon cancer.

Discussion

Our over 24-year follow-up twin study assessed the rela-

tionship between physical activity and all-cause mortality.

The all-cause mortality assessment showed that inactive

co-twins were more likely to die earlier than their active

co-twins including when childhood family environment

was controlled for. Our study also investigated the possible

disease mechanisms underlying the all-cause mortality

difference by studying the risk of having reimbursable

medication for type 2 diabetes, hypertension or coronary

heart disease. The medication analyses showed a tendency

for higher hazard ratios for inactive co-twins, especially for

hypertension medication.

In an earlier study, we interviewed 111 pairs of twins

from the original sample of 146 pairs and found that the

discordant pattern of physical activity continued for a

subgroup of 42 pairs for 30 years [36]. That study showed

that the adulthood physical activity habits are often main-

tained for long time, and thus it is possible that the con-

tinuation of physical activity habits partly explains the

difference in mortality. However, incipient disease from

other causes can reduce the ability to exercise and thus

attenuate within-pair differences in physical activity over

time.

As expected, premature mortality was reduced with

physical activity. This finding is in accordance with earlier

studies [2–10, 12, 48]. Although a similar study including

partly the same study population was conducted by Kujala

et al. [11], the present study concentrated on a smaller, but

more discordant group of twins over a longer follow-up

period. The main difference between the studies was more

strict determination of leisure-time physical activity

between discordant pairs taking into account both intensity

and volume of leisure-time physical activity in the present

study compared with the earlier study by Kujala et al. [11].

Also new cases of death had occurred since the previous

study. Both analyses showed an association between high

physical activity and reduced mortality in DZ twin pairs

but not in MZ pairs [11], although the present study used

survival analyses methods for pairwise analyses which

were not used in the previous study. Lately published

Physical Activity Guidelines Advisory Committee Report,

2008 [15] shows that physical activity is clearly associated

with reduced all-cause mortality, but our study indicates

that there is a possible genetic pleiotropy underlying

physical activity and mortality. The present study clearly

shows and supports the extant literature that this issue

needs to be studied further, maybe among internationally

pooled datasets. In the present study, we in addition

examined morbidity underlying the mortality differences.

Few review studies have estimated that energy expen-

diture of at least 1,000 kcal/week is likely to decrease

mortality rates [10, 14], although both reviews acknowl-

edged that a lesser volume of physical activity could also

have beneficial effects on all-cause mortality. In our study,

active co-twins exercised at least 2 MET hours/day (on

DZ pairs
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Fig. 2 Survival curves for combined medication variable for all

physical activity discordant pairs and for physical activity discordant

DZ pairs
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average 4.59 MET hours/day in 1975 and 5.80 MET hours/

day in 1981) and the intensity of activity was vigorous in

two separate baseline years. This indicates that the activity

level of these twins was relatively high during this 6-year

period.

The mortality difference found in our study could partly

be due to differences in type 2 diabetes, hypertension or

coronary heart disease as a slight increase in the use of

medications for these was seen among inactive co-twins.

The use of hypertension medication in particular was

higher among inactive co-twins. It is known that physical

inactivity is a risk factor for hypertension [49, 50], and

increased blood pressure is a predictor of mortality [51–

53]. However, we were not able to confirm that physical

activity is the major reason for this difference as we did not

obtain similar results for MZ pairs, and therefore the pos-

sibility of genetic selection towards premature mortality

remains. On the other hand, the number of MZ pairs was

very small. The actual causes of death were available until

the end of 2003. Among the 15 inactive co-twins who died

by the end of 2003, the causes of death were 7 cancers, 3

cardio- or cerebrovascular diseases, 2 suicides, 1 disease of

respiratory system, 1 alcohol related disease and 1 acci-

dental fall. So, increased prevalence of T2D and CVD does

not alone explain the increased mortality of physically

inactive co-twins. However, a number of these causes of death

are associated with physically inactive lifestyle, such as some

cancers [15], CVD [2, 3, 15], pulmonary disease [54], alcohol

related problems [55] and accidental falls [15].

The strengths of our study were a very long follow-up

period and twin study design. We partly controlled for

genetic factors and the childhood environment by studying

twin pairs comprehensively selected from the large Finnish

Twin Cohort. Another strength of the study was the 6-year

baseline assessment period during which physical activity

discordance was assessed twice, indicating a true and long-

term difference in this particular health habit before the

follow-up period began.

One of the limitations of the study was the low mortality

rate as only 9.9% of the original sample had died; likewise

the number of outcomes was small for medications and

cancers. Our relatively young and healthy (exclusion of

subjects with any disease but hypertension) study popula-

tion at baseline contributed to this low rate of outcomes.

Finally, one of the co-twins of each pair was relatively

active indicating the existence of a healthy lifestyle for at least

half of the subjects, while the other half were genetically

closely related. One other possible limitation relates to

childhood environment as the twins might have some differ-

ences in non-shared environmental effects outside home.

The optimal study design for this type of analysis would

have been to use a large sample of activity-discordant MZ

pairs. However, we did not have sufficient numbers of

discordant MZ pairs, even in this large twin cohort that

initially included all same-sex Finnish twin pairs who were

born in Finland before 1958. So for the main analyses, the

MZ pairs were pooled together with the DZ pairs. Among

the baseline cohort of 5,663 (31% MZ and 63% DZ)

healthy twin pairs a sub-sample of 146 (20% MZ and 80%

DZ) pairs were selected for the follow-up study. The

reduced number of MZ pairs in our sample is probably due

to the finding that MZ pairs consistently discordant for

common traits are rare [8, 36, 56]. In addition, high heri-

tability of persistent physical activity makes it difficult to

find MZ twin pairs discordant both for physical activity and

mortality. The number of MZ pairs, the relatively small

overall sample size and the small number of outcome

events among MZ twin pairs does not make it possible to

draw conclusions separately for MZ pairs. This is an

unfortunate study limitation. The significant difference in

the DZ pairs suggests that the association between physical

activity and the outcome variables is not due to childhood

environmental effects, but we cannot of course exclude the

effect of genetic predisposition on the results. A Swedish

twin study by Carlsson et al. [12] found a difference in

mortality among activity-discordant MZ pairs, but their

study had limitations as they did not exclude subjects with

chronic diseases at baseline [12, 17]. Although we only had

a small number of MZ pairs, the study shows that it is

important to investigate the genes which are associated

with both physical activity and the underlying causes of

diseases.

Conclusion

This study supports the earlier findings that physical

activity is associated with reduced mortality. However the

difference was only seen in dizygotic pairs and therefore

some residual confounding due to genetic effects on mor-

tality cannot be excluded.
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ABSTRACT

WALLER, K., U. M. KUJALA, J. KAPRIO, M. KOSKENVUO, and T. RANTANEN. Effect of Physical Activity on Health in Twins:

A 30-yr Longitudinal Study. Med. Sci. Sports Exerc., Vol. 42, No. 4, pp. 658–664, 2010. Purpose: The aim of this study was to

investigate whether persistent leisure-time physical activity, adjusted for genetic liability and childhood experiences, protects against

chronic diseases, early signs of disability, and loss of life satisfaction. Methods: From 5663 healthy adult twin pairs, we identified

146 pairs who were discordant for both intensity and volume of leisure physical activity in 1975 and 1981. Of them, both members of

95 pairs were alive and participated in our follow-up study in 2005 when chronic diseases (such as diabetes, cardiovascular disease, and

osteoarthritis), life satisfaction, and disability were assessed by a structured telephone interview. The mean age of the participants was

58 yr (range = 47–79 yr) in 2005. Paired tests were used in the analyses. Results: At the end of follow-up, the active cotwins had a

decreased risk of reporting at least one chronic diseases, whereas active monozygotic (MZ) twins had two or more chronic diseases

significantly less often than their inactive cotwins (odds ratio [OR] = 0.14, P = 0.031). Overall, the risk for type 2 diabetes or glucose

intolerance (OR = 0.09, P = 0.022) and elevated blood pressure (OR = 0.46, P = 0.039) was decreased among the active cotwins. These

effects were seen clearly among dizygotic twins but not always among small number of monozygotic twins. The active cotwins reported

greater life satisfaction (P = 0.047) and tended to be less likely to be hospitalized (P = 0.065), although active cotwins had somewhat

more sports-related injuries (OR = 1.9, P = 0.051) than inactive cotwins. Studied disability variables did not differ between the active

and the inactive cotwins. Conclusions: Physical activity reduces the risk for chronic diseases and helps in maintaining life satisfaction.

However, genetic factors may play a role in this association because some findings emerged more clearly among dizygotic than

monozygotic twins discordant for physical activity. Key Words: LEISURE-TIME PHYSICAL ACTIVITY, MORBIDITY, CHRONIC

DISEASE, FOLLOW-UP STUDIES, TWIN STUDY

O
bservational follow-up studies have provided sub-
stantial evidence that physical activity plays an
important role in the prevention of several chronic

diseases, such as cardiovascular disease, CHD, type 2 dia-
betes, and hypertension (19,23,29,36). Although physical ac-

tivity has many positive outcomes for health, adverse effects
include an increased rate of musculoskeletal injuries (11).

Genetic selection can also play a role in accounting for
the relationship between physical activity and chronic dis-
ease. Physical fitness and the ability to achieve high levels
of physical activity have a genetic component (4,17,33).
The review by Casas et al. (7) clearly demonstrated that
CAD has a genetic component and that different risk factors
for CAD have high heritability. Significant genetic influ-
ences on cholesterol levels, smoking, and hypertension have
repeatedly been shown (3,7,22). Twin studies have shown
that age at death from CAD has a strong genetic component,
particularly early onset of CAD (27). A genetic predisposi-
tion also underlies the increased tendency for weight gain
and other metabolic syndrome–related conditions (2,25).
Interestingly, some evidence is now available that inherited
biological characteristics make it easier for some individuals
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to exercise and also favor them with lower morbidity and
mortality (15,17,20).

Despite recent progress in defining the individual genes
underlying the genetic component identified from family
and twin studies, known genes account only for a small
fraction of the estimated heritability for common diseases
and physical activity. Thus, twin and family studies still
remain a powerful tool for investigating the role of genetic
and environmental factors in risk factor–disease relation-
ships. Dizygotic (DZ) twins share half of their segregating
genes, whereas monozygotic (MZ) pairs are genetically
identical. Both kinds of pairs nearly always have the same
childhood environment. By studying outcomes in twin pairs
discordant for an exposure, such as physical activity, the
possible confounding role of genetic and early childhood
experiences can be controlled for.

We followed the Finnish Twin Cohort for 30 yr to study
the associations between physical activity, chronic diseases,
life satisfaction, and preclinical disability in healthy twin
pairs discordant for leisure-time physical activity. Given
the current knowledge of both positive and negative effects
of physical activity on some conditions, we were interested
in gaining an overview of the whole spectrum of health-
related conditions. The aim of the study was to see whether
baseline physical activity protects broadly from morbid-
ity assessed using wide range of diseases and associated
measures.

METHODS

Participants. The Finnish Twin Cohort consists of all
same-sex twin pairs born in Finland before 1958 with both
cotwins alive in 1967 (12). Figure 1 shows the flow of the
participants. For the present study, the initial inclusion
criteria were employment in 1981 and complete question-
naire data on leisure physical activity in 1975 and 1981.
The subjects were aged from 24 to 60 yr on January 1, 1982
(n = 17,968 individuals). All pairs in which at least one
cotwin did not respond to the questionnaires, had died, or
had a chronic disease, except hypertension, by the end of
1982 were excluded (12,17). The healthy cohort comprised
5663 same-sex twin pairs (17). Determination of zygosity
was based on an accurate and validated questionnaire
method (32).

For this study, we selected 146 same-sex twin pairs who
were discordant for leisure-time physical activity for both
participation in vigorous activity and volume of activity in
1975 and 1981. The final study sample at the 2005 follow-
up comprised 111 twin pairs because only those pairs in
which both twins were still alive were included (24 cotwins
from 146 pairs, 16 inactive and 8 active, had died by the
end of 2004; Waller, K, et al., unpublished observations,
2009). In addition, we required that both were known to be
living in Finland and spoke Finnish as their mother tongue,
which resulted in the exclusion of 12 pairs. An attempt

was made to contact all 222 subjects. Of these, 203 subjects
(95 complete pairs, 54 women) took part in the interview
because one died during the interview period and 18 did not
participate. The mean age of the subjects was 58 yr (range =
47–79 yr) at interview.

Assessment of exposure variables. The question-
naires in 1975 and 1981 included identical questions on
weight, height, physical activity, occupation, alcohol use,
smoking, and physician-diagnosed diseases. Among the
twin pairs whose addresses could be identified (93.5% of
subjects), the response rate was 87.6% in 1975, and the
reresponse rate was 90.7% in 1981.

Physical activity habits elicited by identical questions in
1975 and 1981 were used as the main exposure in the pre-
sent study. This information is considered to be valid on the
basis of earlier studies (13,14,19). Participation in vigorous
physical activity was assessed by the following question:
Is your physical activity during leisure time about as
strenuous on average as 1) walking, 2) alternately walk-
ing and jogging, 3) jogging (light run), and 4) running?
Those who chose alternative 2, 3, or 4 were classified as
participating in vigorous activity. Assessment of leisure
activity volume (MET index) was based on a series of
structured questions (14,19) on leisure physical activity
(monthly frequency, mean duration, and mean intensity of

FIGURE 1—Flow chart of participants.
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physical activity sessions) and physical activity during
commuting to and from work. The index was calculated by
assigning a multiple of resting metabolic rate (MET score)
to each activity and by calculating the total volume of
activity using the following formula: intensity � duration
� frequency (19). The MET index was expressed as the
sum score of leisure MET-hours per day. Those subjects
whose volume of activity was Q2 METIhIdj1 (correspond-
ing to about 30 min walking per day) and participated in
vigorous activity (alternatives 2, 3, or 4) were classified as
physically active. This had to be true at both time points
(1975 and 1981), and their cotwin had to be inactive at both
time points. Figure 2 shows the MET indices for active and
inactive cotwins in 1975 and 1981.

The MET index was validated in a previous study (35)
by comparing the questions used for calculating MET index
to a 12-month detailed physical activity questionnaire con-
ducted by telephone interview. The intraclass correlation
between these two was relatively high: the intraclass cor-
relation between the MET index 2005 (same as the original
questions used in 1975 and 1981) and the detailed 12-month
physical activity MET index was 0.68 (P G 0.001) for
leisure-time physical activity and 0.93 (P G 0.001) for work
journey.

Follow-up assessment and outcomes. In 2005,
after being sent an invitation letter and giving their in-
formed consent to participate in the study, subjects were
interviewed by telephone. The study was approved by the
ethics committee of the University of Jyväskylä. All out-
come assessments (interview and data entry) were carried
out by researchers blinded to the subjects’ baseline status.
Two experienced and trained interviewers interviewed each
twin in a pair at random. The average duration of the
interview was 50 min and included questions on physical
activity habits, functional limitations, use of medications,
and occurrence of chronic diseases.

The follow-up interview included a four-question dys-
pnea scale concerning whether the subject became breath-
less during walking and performing daily tasks (31). This
scale has five response categories (from 0 = no breathless-
ness to 4 = breathless during daily tasks). A four-question
scale on life satisfaction yielded a sum score ranging be-
tween 4 and 20, with an increasing score indicating a de-
crease in life satisfaction (16). The life satisfaction scale
correlates well (r 9 0.6) with depressiveness on the Beck
Depression Inventory (16).

Subjects were asked if they had specific physician-
diagnosed diseases; for example, ‘‘Has your doctor ever
told you that you have rheumatoid arthritis?’’ Information
about individually asked diseases can be found in the
Results section. Glucose intolerance and type 2 diabetes
were assessed in the interview with the question, ‘‘Has your
doctor told you that you have diabetes?’’ Responses were
classified as no, yes (type 2 diabetes), or no but has been
diagnosed as having elevated blood glucose (impaired
glucose tolerance or impaired fasting glycemia). The latter
responses were classified as having prediabetes. Subjects
were also asked whether they had specific musculoskeletal
diseases or conditions (rheumatoid arthritis, osteoarthritis
(knee, hip, or other), sports-related injuries, sciatica, and
tension neck). Finally, the presence of other physician-
diagnosed diseases was assessed with an open question,
‘‘Do you have any other physician-diagnosed diseases?’’

Recent hospitalizations were investigated with the ques-
tion, ‘‘How many days have you spent in hospital during
the last 3 years?’’ Only inpatient visits were counted.

FIGURE 2—Leisure-time MET indices for 146 comprehensively
selected twin pairs discordant for both intensity and volume of
physical activity in 1975 and 1981. Similar results were seen for men,
women, and MZ and DZ pairs.

TABLE 1. 1975 baseline characteristics for 95 twin pairs.

Characteristics Inactive Active P

Age (mean T SD) 28.5 T 6.9 28.5 T 6.9
Height (mean T SD) 169.2 T 8.4 169.5 T 8.1 0.53
Weight (mean T SD) 63.2 T 12.1 63.7 T 10.2 0.65
Body mass index (mean T SD) 22.0 T 2.8 22.1 T 2.3 0.66
Ever regular smoker (n (%)) 51 (53.7%) 43 (45.3%) 0.22
Pack-years smoked (mean T SD) 3.1 T 4.8 1.9 T 3.4 0.008
Alcohol grams per day (mean T SD) 7.2 T 14.4 7.6 T 11.8 0.74
Diagnosed hypertension (n (%)) 7 (7.4%) 5 (5.3%) 0.75
Life satisfaction (mean T SD)a 8.8 T 2.5 8.0 T 2.7 0.026
Marital status (n (%)) 0.027
Single 28 (29.5%) 41 (43.2%)
Married 62 (65.3%) 52 (54.7%)
Divorced 5 (5.3%) 2 (2.1%)

Work-related physical activity in
1975 (n (%))

0.19

Sedentary 28 (29.8%) 33 (34.7%)
Standing or walking at work 14 (14.9%) 20 (21.1%)
Light manual labor 46 (48.9%) 39 (41.1%)
Heavy manual labor 6 (6.4%) 3 (3.2%)

Social class (n (%)) 0.26
Upper white collar 6 (6.3%) 8 (8.4%)
Clerical work 28 (29.5%) 25 (26.3%)
Skilled workers 33 (34.7%) 39 (41.1%)
Unskilled workers 7 (7.4%) 8 (8.4%)
Farmer 14 (14.7%) 2 (2.1%)
Other (students, conscript, retired,

unknown)
7 (7.4%) 13 (13.7)

MET indexb 0.71 T 0.54 4.23 T 2.23 G0.001
a The life satisfaction index was a four-question scale with a sum score ranging
between 4 and 20, with an increasing score indicating a decrease in life satisfaction.
b MET index includes leisure-time physical activity and work journey activity.
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Mobility was assessed with 6–12 questions ranging from
preclinical mobility limitations, such as task modification,
to frank disability and inability (24,26). This scale is
reliable (J coefficient between 0.47 and 1.00) (24), and it
has been validated against objective measurements of mus-
cle power and walking speed (26).

Statistical analysis. As we were studying occurrence
of diseases among twin pairs discordant for physical ac-
tivity, all the statistical analyses were based on pairwise
tests. To compare differences in outcome measurements be-
tween the inactive and the active cotwins, we used paired
samples t-test, we used McNemar’s test and conditional
logistic regression. The level of significance was set at
P G 0.05, and all the P values reported are two sided. Data
were analyzed with SPSS 14.0 (SPSS Inc., Chicago, IL) or
Stata 9.0 (StataCorp, College Station, TX).

RESULTS

Table 1 shows the baseline characteristics for 95 pairs. In
1975, a slightly higher proportion of the active cotwins
were single, and a slightly higher proportion of the inactive
cotwins were married. Baseline characteristics show that the
inactive subjects smoked or had smoked more than their
active cotwins. The active cotwins reported greater life
satisfaction at baseline. No other differences were seen
between inactive and active cotwins at baseline.

The active cotwins remained more satisfied with their life
at the end of follow-up: mean life satisfaction was 6.5 for
the active cotwins and 7.1 for the inactive cotwins (paired
t-test P = 0.047). Rather similar results were obtained for

the DZ pairs (6.4 vs 6.9, P = 0.12) and the MZ pairs (6.8
vs 7.9, P = 0.24). Inactive cotwins had a tendency toward
dyspnea at follow-up when compared with their active co-
twins (P = 0.067), more so in the DZ pairs (P = 0.10) than
that in the MZ pairs (P = 1.00).

The results for physician-diagnosed diseases in inactive
and active cotwins are shown in Table 2. Among MZ twin
pairs, the active cotwins had a reduced risk of having at least
two chronic diseases (with the exception of hypertension)
because one active MZ and seven inactive MZ cotwins
had two or more chronic diseases (odds ratio [OR] = 0.14,
P = 0.031), although the difference was not significant when
MZ and DZ pairs were taken together (OR = 0.54, P = 0.19).
No differences were seen in the cumulative incidence of
diagnosed hypertension between the inactive and active co-
twins when studying new cases of hypertension since 1975.
Overall, the active cotwins had a decreased risk for elevated
blood pressure (OR = 0.46, P = 0.039; DZ, OR = 0.44, 95%
CI = 0.19–1.02; MZ, OR = 0.5, 95% CI = 0.09–2.73). The
active cotwins also had a decreased risk for type 2 diabetes
or prediabetes (OR = 0.09, P = 0.022; DZ, OR = 0.1, 95%
CI = 0.01–0.78; MZ, no difference). Although statistically
nonsignificant, the active twins showed a lower prevalence of
type 2 diabetes, any pulmonary disease, and other physician-
diagnosed diseases.

We observed some differences in selected musculoskel-
etal problems between the inactive and the active cotwins
(Table 3). The active cotwins had a marginally nonsignif-
icant increased risk for at least one sports-related injury
(OR = 1.9, P = 0.051) compared with their inactive
cotwins, the finding being more salient in the DZ pairs
(OR = 2.2, 95% CI = 1.07–4.45) than that in the MZ pairs

TABLE 2. Chronic and other physician-diagnosed diseases for 95 pairs.

Disease Inactive, n (%) Active, n (%) OR 95% CI P

At least one chronic diseasea 41 (43.2) 41 (43.2) 1.00 0.56–1.78 1.00
At least two chronic diseasesa 25 (26.3) 19 (20.0) 0.7 0.35–1.39 0.31
At least one chronic diseasesa except hypertension 45 (47.4) 42 (44.2) 0.88 0.49–1.57 0.66
At least two chronic diseasesa except hypertension 15 (15.8) 9 (9.5) 0.54 0.21–1.35 0.19

Prediabetes 7 (7.4) 1 (1.1) 0.14 0.02–1.16 0.07
Type 2 diabetes 7 (7.4) 3 (3.2) 0.2 0.02–1.71 0.14
Type 2 diabetes or prediabetes 14 (14.7) 4 (4.2) 0.09 0.01–0.70 0.022
Cardiovascular diseasea 5 (5.3) 7 (7.4) 1.67 0.40–6.97 0.48
CHD including myocardial infarction 4 (4.2) 5 (5.3) 1.5 0.25–8.98 0.66
Stroke or intermittent claudication 1 (1.1) 2 (2.1) 2 0.18–2.06 0.57

Cardiac failure 0 2 (2.1)
BP medication in 2005b 18 (21.4) 19 (22.6) 1.09 0.48–2.47 0.84
Elevated BP or BP medication in 2005b 43 (51.2) 31 (36.9) 0.46 0.22–0.96 0.039
Pulmonary diseasea 8 (8.4) 3 (3.2) 0.33 0.09–1.23 0.099
Asthma 7 (7.4) 2 (2.1) 0.29 0.06–1.38 0.12
COPD 1 (1.1) 0
Chronic bronchitis 2 (2.1) 2 (2.1) 1 1

Gastric ulcer 6 (6.3) 6 (6.3) 1 1
Depression 9 (9.5) 9 (9.5) 1 1
Other physician-diagnosed chronic diseasec 30 (31.6) 21 (22.1) 0.57 0.28–1.16 0.12

a At least one of the following listed below.
b New cases since 1975. If the person had hypertension as assessed by questionnaire or had medication for hypertension in 1975, he or she was excluded from the analyses; 84 pairs
included in the analyses.
c Includes diseases such as cancer, 8 individuals (of which breast cancer, 4 individuals); different allergies, 7 individuals; osteoporosis, 5 individuals; thyroid gland problem, 5 individuals;
eye problems, 5 individuals (glaucoma, 3 individuals); and migraine, 3 individuals.
BP, blood pressure.
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(OR = 1, 95% CI = 0.25–4.0). For individual sports-related
injuries, the active cotwins again had a statistically
nonsignificant increased risk for getting an ankle ligament
injury (OR = 1.8, P = 0.14; DZ, OR = 2.17, 95% CI =
0.82–5.70; MZ, OR = 1.3, 95% CI = 0.34–4.66). The risk
for conditions other than knee or hip osteoarthritis and
sciatica did not differ between active and inactive twins
(Table 3).

Of 95 pairs, 23 inactive and 13 active cotwins had been
hospitalized within the last 3 yr before the interview for a total
of 171 and 95 nights, respectively. On average, the inactive
cotwins spent 1.8 nights and the active cotwins spent 1 night
(paired t-test P = 0.16) in the hospital during that period. The
active cotwins had a nonsignificant decreased risk for hav-
ing been hospitalized (OR = 0.47, P = 0.065) and did not
differ by zygosity (DZ, OR = 0.54, 95% CI = 0.22–1.35;
MZ, OR = 0.33, 95% CI = 0.07–1.65).

The results of the preclinical disability analyses did not
reach statistical significance between inactive and active
cotwins. However, there was a tendency for the inactive
cotwins to have more difficulties and to report more task
modification in daily activities compared with their active
cotwins. For example, active cotwins were less likely to
have made changes in walking for 2 km (OR = 0.53, 95%
CI = 0.22–1.35, P = 0.19).

DISCUSSION

Our 30-yr longitudinal follow-up study on twins discor-
dant for physical activity found greater life satisfaction
among the active than the inactive cotwins. The inactive
cotwins reported breathlessness more often than their active
cotwins. Abnormalities in glucose metabolism (diabetes or
prediabetes) and elevated blood pressure were less common
among the active cotwins. The active cotwins had also been
hospitalized less often and for shorter times. In contrast, the

active cotwins showed a tendency to having more sports-
related injuries at follow-up than their inactive cotwins.

In line with our results, similar effects of physical activity
on several different diseases, for instance, diabetes or pre-
diabetes and hypertension, have been reported in previous
studies (5,29,36). Although we did not find a difference in
the reported diagnoses of depression between inactive and
active cotwins in our study, the active cotwins reported
greater life satisfaction. In their review in 2001, Rejeski and
Mihalko (30) found a lack of consistency in the results of
previous studies on physical activity and life satisfaction
in older adults with only some studies reporting positive
effects.

When studying differences between inactive and active
subjects, it would be reasonable to expect differences to be
seen first in fitness and body fatness. In the present study, we
documented a trend to higher frequency of breathlessness
during specific daily tasks in the inactive compared with
active cotwins. In our earlier study, we documented an as-
sociation between long-term physical activity and lower
weight gain in our twin sample (35). Next, a difference is
usually seen in insulin sensitivity, as in the present study,
where a difference was seen in DZ but not in MZ pairs,
suggesting a possible gene–physical activity interaction, such
as documented for the FTO gene (1) for physical activity in
body mass index and glucose metabolism parameters. In our
earlier study, among the same cohort, we found that dis-
cordance pattern in physical activity had continued for 30 yr
in a subgroup of 42 pairs (35). That study showed that
adulthood physical activity habits are often maintained for a
long period, and thus it is possible that the continuation of
physical activity habits partly explains the difference in the
occurrence of chronic diseases in the present study.

As expected, the active cotwins seem to have more mus-
culoskeletal problems and sports-related injuries. Hootman
et al. (11) studied subjects who participated in recreational

TABLE 3. Selected musculoskeletal problems for 95 pairs.

Disease Inactive, n (%) Active, n (%) OR 95% CI P

Arthritisa 22 (23.2) 27 (28.4) 1.38 0.68–2.83 0.37
Rheumatoid arthritis 1 (1.1) 4 (4.2) 4 0.45–35.79 0.22
Osteoarthritisa 22 (23.2) 25 (26.3) 1.21 0.60–2.46 0.59
Hip osteoarthritis 5 (5.3) 4 (4.2) 0.75 0.17–3.35 0.71
Knee osteoarthritis 10 (10.5) 11 (11.6) 1.13 0.43–2.92 0.81
Any other osteoarthritisb 10 (10.5) 17 (17.9) 2.17 0.82–5.70 0.12

Sciatica 29 (30.5) 22 (23.2) 0.68 0.35–1.31 0.25
Tension neck 11 (11.6) 9 (9.5) 0.78 0.29–2.09 0.62
Injuries typical for athletesa 29 (30.5) 42 (44.2) 1.87 0.997–3.49 0.051

Acute injuries 24 (25.3) 31 (32.6) 1.44 0.76–2.72 0.27
Tendon rupture (Achilles or other) 6 (6.3) 5 (5.3) 0.8 0.22–2.98 0.74
Achilles tendon 2 (2.1) 2 (2.1) 1 1
Other tendon 4 (4.2) 3 (3.2) 0.67 0.11–4.00 0.66

Knee or ankle injury 20 (21.1) 30 (31.6) 1.77 0.90–3.49 0.10
Knee meniscus 5 (5.3) 8 (8.4) 1.75 0.51–5.98 0.37
Knee ligament 5 (5.3) 5 (5.3) 1 1
Ankle ligament 13 (13.7) 21 (22.1) 1.8 0.83–3.90 0.14

Stress injury or tendonitis (Achilles or other) 10 (10.5) 17 (17.9) 1.88 0.80–4.42 0.15
Achilles tendon inflammation 4 (4.2) 6 (6.3) 1.5 0.42–5.32 0.53
Other tendon inflammation 7 (7.4) 12 (12.6) 1.83 0.68–4.96 0.23

a At least one of the following listed below.
b The other osteoarthritis includes osteoarthritis in hand (15 individuals), shoulder (6 individuals), neck (6 individuals), back (4 individuals), toes (3 individuals), and wrists (1 individual).
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sports and found that 25% of their subjects had sustained a
musculoskeletal injury within the 12 months preceding the
survey. Over 83% of these injuries were physical activity
related, and 66% were located in the lower extremities.
Although in our study active cotwins had slightly more
injuries, the number of injuries in real life could have been
even higher because only injuries that had been diagnosed
by a physician were included in our study. It is very likely
that only the more severe sports-related or musculoskeletal
injuries were reported to a physician, therefore excluding
less severe injuries from our study.

No differences were seen in the amount of hip or knee
osteoarthritis between the inactive and the active cotwins.
Although former athletes have higher incidence rates of os-
teoarthritis in the lower limb compared with controls (8,34),
this relationship has not been confirmed among recreation-
ally physically active people (10,29). Our active cotwins
were not high-level athletes, and therefore the intensity and
the duration of their activity may not have been high enough
to cause them significantly more osteoarthritis.

The need of hospital care can be seen as a summary
measure of the impact of morbidity on different diseases
and injuries. The findings that physically active members of
the twins pairs tended to need hospital care less often and
for a shorter duration than their inactive cotwins agree
with earlier analyses of larger cohorts (18) and studies of
former athletes (21). Although no overall effect was ob-
served on the preclinical disability scale, there was a ten-
dency for inactive cotwins to have more difficulties and
to report more task modification in daily activities. It seems
that the benefits of a physically active lifestyle are higher
than the adverse effects.

Study strengths and limitations. The strengths of
our study were a very long follow-up period and twin study
design. We partly controlled for genetic factors and child-
hood environment by studying twin pairs comprehensively
selected from the large Finnish Twin Cohort. Although
we started with a large population-based twin cohort, the
number of twin pairs discordant for physical activity was
relatively small. The small sample size is a limitation, es-
pecially when studying diseases as outcomes. The reason
for finding a low number of twin pairs discordant for dis-
ease could be due to either diseases occurring in both
cotwins for genetic reasons or having a relatively young
and healthy study cohort at baseline (mean age of subjects
was 28.5 yr in 1975). Because of the small numbers, we
were not able to adjust the results of analyses with known
covariates. The study design adjusts for gender, age, and
shared familial factors, and it is known that twins show
similarity in their health habits more often than do unrelated
subjects. We did adjust most conditions for smoking (re-
sults not shown), but this did not change our results.

A further study limitation is that the medical information
was self-reported rather than based on data gathered from
medical registers or subjects’ formal medical notes. How-
ever, studies have shown that agreement between self-

reported medical history and medical records is generally
good, especially with respect to well-known chronic dis-
eases (9,28). Recall bias due to subjects not remembering
all their diseases is an issue if the recall is different between
active and inactive twins; active subjects may have a better
memory for injuries and musculoskeletal disorders because
these would have affected an important part of their life
more than that in the case of inactive subjects, thus biasing
our risk estimates upward. Also, subjects with severe de-
mentia and subjects who had died did not participate. In
DZ pairs, but not in MZ pairs, a higher number of inactive
than active members of twin pairs had died before the end
of our follow-up (Waller, K, et al., unpublished observa-
tions, 2009). Although another study limitation was self-
reported physical activity data at baseline, these type
physical activity questions have been commonly used in
the epidemiological studies. In a study by Kujala et al. (19),
the same physical activity questions predicted morbidity
and mortality in a fashion consistent with other studies us-
ing somewhat different measures providing external valida-
tion to the questions.

The ideal study method would have been to study the
occurrence of diseases in a large number of MZ pairs dis-
cordant for physical activity. However, because the sample
size was small and only few diseases were present, it is not
possible to draw separate conclusions for MZ twins. There-
fore, we cannot totally exclude the effect of genetic selection
bias on some of the results. The evidence on whether genetic
selection explains, for example, the association between high
physical activity and low mortality is conflicting. In a study
among Swedish twins, in which no exclusion criteria re-
garding baseline diseases were imposed, genetic selection did
not explain this association (6), whereas in a study of healthy
twins from the Finnish Twin Cohort (17), genetic selection
partially explained the association.

CONCLUSION

Our longitudinal twin pair study found that the benefits
of a physically active lifestyle outweigh the adverse effects
even after taking familial effects into account. Physical
activity reduces the risk for chronic diseases and helps in
maintaining life satisfaction. However, genetic factors may
play a role in explaining some of the association between
disease occurrence and physical activity because some of
the findings were more salient among DZ than MZ twin
pairs discordant for physical activity.
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Associations between long-term physical activity,
waist circumference and weight gain: a 30-year
longitudinal twin study

K Waller1, J Kaprio2 and UM Kujala1

1Department of Health Sciences, University of Jyväskylä, Jyväskylä, Finland and 2Department of Public Health, University of
Helsinki and Department of Mental Health and Alcohol Research, National Public Health Institute, Helsinki, Finland

Background and objective: Physical activity level and obesity are both partly determined by genes and childhood environment.
To determine the associations between long-term leisure-time physical activity, weight gain and waist circumference and
whether these are independent of genes and childhood effects.
Design and subjects: The study design is a 30-year follow-up twin study in Finland. For this study, 146 twin pairs were
comprehensively identified from the large Finnish Twin Cohort. These twin pairs were discordant for both intensity and volume
of leisure physical activity in 1975 and 1981 and were healthy in 1981. At follow-up in 2005, both members of 89 pairs were
alive and participated in a structured telephone interview. In the interview self-measured weight and waist circumference, and
physical activity level for the whole follow-up were assessed. Paired tests were used in the statistical analyses.
Main outcome measures: Waist circumference at 30-year follow-up (2005) and change in weight from 1975 to 2005.
Results: In the 42 twin pairs discordant for physical activity at all time points during the 30-year period, the mean weight gain
from 1975 through 2005 was 5.4 kg (95% confidence interval (CI) 2.0–8.9) less in the active compared to inactive co-twins
(paired t-test, P¼0.003). In 2005, the mean waist circumference was 8.4 cm (95% CI 4.0–12.7) less in the active compared with
inactive co-twins (Po0.001). These trends were similar for both monozygotic and dizygotic twin pairs. Pairwise differences in
weight gain and waist circumference were not seen in the 47 twin pairs, who were not consistently discordant for physical
activity.
Conclusion: Persistent participation in leisure-time physical activity is associated with decreased rate of weight gain and with a
smaller waist circumference to a clinically significant extent even after partially controlling for genetic liability and childhood
environment.
International Journal of Obesity (2008) 32, 353–361; doi:10.1038/sj.ijo.0803692; published online 24 July 2007

Keywords: weight gain; waist circumference; physical activity; twins; longitudinal study

Introduction

Over one billion of the world’s population can be considered

to be overweight (body mass index, BMIX25kg/m2), includ-

ing 300 million obese individuals (BMIX30kg/m2).1 Both

obesity, and particularly the accumulation of intra-abdom-

inal adipose tissue, are considered to be risk factors for the

development of several metabolic disorders such as glucose

intolerance, dyslipidemia and hypertension,2,3 as well as for

mortality.4

Various studies have shown that physical fitness and the

ability to achieve high levels of physical activity have a

genetic component.5–7 Genetic predisposition also underlies

the tendency for weight change and other metabolic

syndrome-related diseases.8–11 A large twin study across

eight countries confirmed that genetics, non-shared envi-

ronment and gender have an important role in variation in

BMI.12 The Framingham family study13 found that the

heritability of long-term weight change is 0.24, while twin

studies have estimated higher values.14 Since the gene pool

changes slowly, the causes of the obesity epidemic are

mainly environmental,10,15 and it has been suggested that

a sedentary lifestyle could be as important as diet in the

development of obesity.16,17 While there is accumulating

evidence to show that the rate of weight gain is reduced by
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E-mail: katja.waller@sport.jyu.fi

International Journal of Obesity (2008) 32, 353–361
& 2008 Nature Publishing Group All rights reserved 0307-0565/08 $30.00

www.nature.com/ijo



physical activity,18,19 more long-term studies controlling for

different associated factors are needed.

We followed the Finnish Twin Cohort for 30 years to study

the associations between physical activity and adult weight

gain, waist circumference and other indicators of metabolic

syndrome in twin pairs discordant for leisure-time physical

activity. Our twin pair study design takes into account

genetic predisposition and childhood environment. It is

important to be able to take into account genetic and

childhood effects as both physical activity and weight gain

are influenced by these. Dizygotic (DZ) twins share on

average half of their segregating genes, while monozygotic

(MZ) pairs are genetically identical. Both kinds of pairs

nearly always have the same childhood environment.

Among our data of 146 pairs, twin pairs lived together until

a mean age of 19.3 years, with no difference by zygosity or

whether the difference in physical activity persisted through-

out adult life or not.

Methods

Subjects

The Finnish Twin Cohort includes all same-sex twin pairs

born in Finland before 1958 and with both co-twins alive in

1967.20 For the present analysis, initial inclusion criteria

were employment (including women working at home and

students) in 1981 and complete questionnaire data on leisure

physical activity in 1975 and 1981. All pairs where at least

one of the twins had died or had a chronic disease, except

hypertension, by the end of 1982 were excluded.6,20,21 The

healthy cohort comprised 5663 same-sex twin pairs (3551

DZ, 1772 MZ and 340 pairs with unknown zygosity).6

Zygosity determination was based on an accurate and

validated questionnaire method.22

Among these 5663 twin pairs, 146 pairs were discordant

for leisure-time physical activity for both participation in

vigorous activity and volume of activity in both 1975 and

1981 (for determination see later). The final study sample at

the 2005 follow-up comprised 111 twin pairs (222 subjects)

as only those pairs were included in which both twins were

still alive, both were known to be living in Finland and both

spoke Finnish as their mother tongue. Of these 222 subjects,

one had died during the interview period and 18 did not

participate in the interview due to illness (4), unwillingness

(13) or unavailability (1). Therefore, 203 subjects took part

in the interview. Those 203 subjects included 89 twin pairs

(40 male, 49 female, 72 DZ, 17 MZ pairs) all of whom had

completed all the physical activity questions in the interview

in 2005.

Assessment of predictors

The subjects had been mailed similar questionnaires in 1975

and 1981. These included questions on weight, height,

physical activity, occupation, alcohol use, smoking and

physician-diagnosed diseases. Physical activity habits elicited

by identical questions in 1975 and 1981 were used as the

baseline predictor in the present study.

Assessment of vigorous physical activity was based on the

following question: Is your physical activity during leisure

time about as strenuous on average as: (1) walking, (2)

alternately walking and jogging, (3) jogging, (4) running.

Those who chose 2, 3 or 4 were classified as engaging in

vigorous activity. Assessment of leisure activity volume (MET

index) was based on a series of structured questions on

leisure physical activity (monthly frequency, mean duration

and mean intensity of sessions) and physical activity during

journeys to and from work. The index was calculated by

assigning a multiple of resting metabolic rate (MET score) to

each activity and by calculating the product of activity,

intensity � duration � frequency.21 The MET index was

expressed as the sum-score of leisure MET h/day. Those

subjects whose volume of activity was X2 MET h/day

(corresponding to about 30min walking per day) were

classified as physically active.6 Among the 89 pairs who

were included in the final study sample and who were

discordant for leisure-time physical activity in both 1975 and

1981, the mean difference between the active and inactive

co-twins was 3.55 MET h/day in 1975 (paired t-test,

Po0.001) and 4.93 in 1981 (Po0.001). Similar results were

seen for male, female, MZ and DZ pairs. In prospective

studies using the original twin cohort, the MET index has

been shown to be a predictor of mortality, type 2 diabetes,

coronary heart disease and need of hospital care.6,21,23–25

Follow-up assessment of physical activity level

After being sent an invitation letter, subjects were inter-

viewed by telephone in 2005. Subjects provided an informed

consent to participate in the study and the ethics committee

of the University of Jyväskylä approved the study. All

outcome assessments (including interview and data entry)

were carried out blinded to baseline status. Two experienced

and trained interviewers interviewed at random one co-twin

from each pair. The interview included questions on weight,

height, waist circumference, physical activity habits and

occurrence of chronic diseases. The mean duration of the

interviews was 50min.

The interview included questions on current and past

physical activity. Physical activity level was assessed by two

sets of questions. The first, a shorter retrospective assessment

(years 1980, 1985, 1990, 1995, 2000 and 2005) of physical

activity volume (including calculation of MET index) and

participation in vigorous physical activity, used the same

questions as in 1975 and 1981. The mean MET index for all

six measurements between 1980 and 2005 was calculated. To

increase recall, subjects were asked their marital and work

status for each year before the retrospective physical activity

questions.26 The intraclass correlation (ICC) between the

questionnaire-based leisure physical activity MET index

in 1981 (questionnaire responses from year 1981) and the
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interview-based retrospective MET index in 1980 (inter-

viewed in 2005) was 0.56 (Po0.001).

The second, a detailed assessment of leisure-time

physical activity volume over the previous 12 months

(12-month MET index), was done using a modified version

of the Kuopio Ischemic Heart Disease Risk Factor Study

Questionnaire.27 The assessment included questions

on leisure physical activities (termed conditioning activities

in earlier publications28), physical activities during

journeys to and from work as well as daily activities

such as gardening and berry picking. Each activity included

a question on monthly frequency, mean duration and

mean intensity of sessions. The ICC between the shorter

2005 MET index and the detailed 12-month physical

activity MET index was 0.68 (Po0.001) for leisure-

time physical activity and 0.93 (Po0.001) for work

journey.

Assessment of anthropometrics

In the interview, subjects were asked their current weight,

height and waist circumference. Self-reported height and

weight have been validated against measured values.12,29 The

BMI (kg/m2) was calculated. Change in weight was calcu-

lated by subtracting the weight in 1975 or 1981 from the

weight in 2005.

As the amount of abdominal fat can be estimated by

measuring waist circumference,30 subjects were sent a tape

measure before the interviews. They were asked to measure

their waist circumference in the standing position according

to an instruction clarified with a picture. The measurement

was to be done at the narrowest part of the waist; if this

could not be found, they were instructed to measure

midway between the iliac crest and the lowest rib. In a

separate validation study, a healthcare professional

measured the circumference blinded to the subjects’

(N¼24) measurement, and the ICC between these was 0.97

(Po0.001).

Statistical analysis

As we studied twin pairs, all the statistical analyses were

based on pairwise tests. First, analyses were conducted on

all 89 pairs. Second, we carried out specific analyses for the

42 pairs who had remained consistently discordant for

physical activity over the 30-year follow-up and for 47 pairs

who were not consistently discordant (discordance not in

the same direction at one or more time points). The main

results are also reported by gender and zygosity. To compare

differences in outcome measurements between inactive and

active co-twins, paired samples t-test, McNemar’s test and

conditional logistic regression were used. The level of

significance was set at Po0.05 and all reported P-values are

two-sided. Data were analyzed with the use of either SPSS

12.0 or Stata 8.0.

Results

No statistically significant pairwise differences were found

between inactive and active co-twins in anthropometry,

marital or socio-economic status at the baseline in 1975

(Table 1). In 1975, the inactive members of the twin pairs

tended to be more often involved in heavier manual work

compared to their active co-twins. This was not observed in

2005, as statistically non-significant differences were mainly

seen in retirement and lighter work.

We found 42 pairs (5 MZ, 4 female and 1 male, and 37 DZ,

17 female and 20 male, pairs) who were consistently

discordant for physical activity at all the 5-year time

points across the 30-year period, and 47 pairs (12 MZ, 7

female and 5 male, and 35 DZ, 21 female and 14 male,

pairs) who were not consistently discordant. Figure 1

shows the differences in MET indices between inactive

and active co-twins from 1980 through 2005. DZ twin

pairs seemed to stay discordant for longer and the dis-

cordances appear greater when compared with MZ pairs

(Figure 2). The mean MET index from 1980 through

2005 was significantly higher in active than inactive

co-twins in all twin pairs as well as in all subgroups (Table 2,

Figure 3). Significant differences between inactive and active

co-twins were observed in leisure-time physical activity but

not in daily activities.

Table 1 1975 baseline characteristics of 89 twin pairsa

Characteristics Inactive Active P-value

Age (mean, range) 29 (18–48) 29 (18–48)

Height 169.378.5 169.578.5 0.67

Weight 63.5712.5 63.9710.5 0.72

Ever smoked regularly by 1975

(N, %)

47 (52.8%) 40 (44.9%) 0.28

Alcohol, g/day (mean7s.d.) 6.179.3 6.778.5 0.62

Diagnosed hypertension (N, (%)) 3 (3.4%) 5 (5.6%) 0.69

Marital status (N, %) 0.16

Single 26 (29.2%) 38 (42.7%)

Married 56 (62.9%) 48 (53.9%)

Divorced 5 (5.6%) 2 (2.2%)

Cohabiting 2 (2.3%) 1 (1.2%)

Work-related physical activity (N, %) 0.13

Sedentary 26 (29.5%) 31 (34.8%)

Standing or walking at work 12 (13.6%) 20 (22.5%)

Light manual labor 45 (51.1%) 34 (39.3%)

Heavy manual labor 5 (5.7%) 3 (3.4%)

Occupational group (N, %) 0.31

Upper white-collar 5 (5.6%) 8 (9.0%)

Clerical work 26 (29.2%) 24 (27.0%)

Skilled workers 31 (34.8%) 36 (40.4%)

Unskilled workers 7 (7.9%) 7 (7.9%)

Farmer 13 (14.6%) 2 (2.2%)

Other (students, army, retired,

unknown)

7 (7.9%) 12 (13.5%)

Abbreviation: CI, confidence interval. a7 Values are means7s.d.
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An increase in weight over time was seen in both inactive

and active co-twins (Table 3). Among all 89 pairs, the active

members gained 2.8 kg less weight during the 30-year follow-

up than their inactive co-twins (P¼0.01). Trends for weight

gain were similar for male, female, DZ and MZ pairs

(Figure 3). Among the 42 consistently discordant twin pairs,

the active twins gained significantly less weight (5.4 kg, 95%

confidence interval (CI) 1.95–8.87 kg, P¼0.003) during 30-

year follow-up when compared with their inactive co-twins,

with similar trends in DZ (4.4 kg, 95% CI 0.90–7.96 kg,

P¼0.02) and MZ (12.6 kg, 95% CI �4.12 to 29.32 kg,

P¼0.11) pairs. However, the results for pairs not consistently

discordant for physical activity did not show any differences

between inactive and active co-twins in 2005.

In 2005, waist circumference was 4.1 cm smaller (95% CI

1.4–6.7 cm, P¼0.003) in active than in inactive co-twins

(Table 3). Again, trends were similar for male, female, DZ and

MZ pairs. Among the consistently discordant twin pairs

(Figure 4) waist circumference was 8.4 cm smaller (95% CI

4.0–12.7 cm, Po0.001) among active co-twins with similar

trends in DZ (7.8 cm, 95% CI 3.71–11.84 cm, Po0.001),

MZ (12.6 cm, 95% CI �18.47 to 43.67 cm, P¼0.32), male

and female pairs. However, no pairwise difference was seen

in waist circumference among pairs not consistently

discordant.

Inactive co-twins had a higher risk of major weight gain

(X15kg) during the 30-year follow-up (OR 2.18, 95% CI

1.07–4.45, P¼0.03) compared to their active co-twins, the

risk becoming even higher when further adjusted for weight

and smoking in 1975 (OR 2.49, 95% CI 1.12–5.52, P¼0.025).

Inactive co-twins also had an increased but statistically non-

significant risk of being obese (BMI X30) in 2005 (OR 2.75,

95% CI 0.88–8.64, P¼0.08). Among 42 consistently dis-

cordant pairs, inactive co-twins had an even higher risk of

Figure 2 Leisure-time MET indices (mean7s.e.) in inactive and active

members of the twin pairs from 1980 through 2005. In (a), (c) and (d),

significant difference (Po0.01) between inactive and active co-twins is seen in

all the years measured, but in (b), a significant difference (Po0.01) is seen

only in 1980 and 1985.

Figure 1 Leisure-time MET indices (mean7s.e.) in inactive and active

members of the twin pairs from 1980 through 2005. In (a) and (b) a

significant difference (Po0.001) between inactive and active co-twins is seen

in all measured years, but in (c), a significant difference is seen only in 1980

(Po0.001) and 1985 (Po0.05).
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major weight gain (OR 4.3, 95% CI 1.24–15.21, P¼0.02)

than their active co-twins, the risk being further increased

when adjusted for weight and smoking in 1975 (OR 7.99,

95% CI 1.04–61.12, P¼0.045). They also had an increased

risk of obesity in 2005 (OR 4.5, 95% CI 0.97–20.8, P¼0.06).

Discussion

Our study shows that physical activity in adults is associated

with decreased weight gain and with smaller waist circum-

ference in twin pairs consistently discordant for leisure-time

Table 2 MET indices (MET h/day) for all pairs, consistently discordant and not consistently discordant pairsa

Variable Inactive Active Mean difference (95% CI) T-test, P-value

All 89 pairs

Mean MET index 1980–2005 3.073.1 7.274.4 4.27 (3.16 to 5.38) o0.001

Daily activities 12-month MET index 1.972.9 1.972.7 �0.02 (�0.80 to 0.77) 0.96

Leisure time 12-month MET index 3.072.5 5.374.7 2.22 (1.15 to 3.30) o0.001

Total 12-month MET index 5.074.1 7.275.4 2.20 (1.00 to 3.41) o0.001

Consistently discordant pairs (42 pairs)

Mean MET index 1980–2005 1.471.2 9.174.9 7.65 (6.20 to 9.10) o0.001

Daily activities 12-month MET index 1.672.7 2.673.6 1.01 (�0.27 to 2.28) 0.12

Leisure time 12-month MET index 1.971.5 6.175.9 4.14 (2.38 to 5.90) o0.001

Total 12-month MET index 3.573.3 8.776.7 5.15 (3.53 to 6.77) o0.001

Not consistently discordant pairs (47 pairs)

Mean MET index 1980–2005 4.473.6 5.673.2 1.25 (0.15 to 2.34) 0.03

Daily activities 12-month MET index 2.273.1 1.371.4 �0.94 (�1.86 to �0.01) 0.05

Leisure time 12-month MET index 4.072.9 4.573.2 0.51 (�0.62 to 1.64) 0.37

Total 12-month MET index 6.374.3 5.973.5 �0.43 (�1.86 to 1.01) 0.55

Abbreviation: CI, confidence interval. a7 Values are means7s.d. Mean MET index 1980–2005 calculated from the shorter retrospective physical activity assessment.

12-month¼12-month detailed physical activity assessment. Leisure time 12-month MET index includes work journey and leisure time physical activities.

Total¼ leisure time+work journey+daily activities.
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physical activity habits over 30 years. Trends were similar for

both monozygotic and dizygotic twin pairs. The findings

were most likely due to physical activity and not primarily

influenced by genes or childhood environment.

The optimal study design for analysis would have been to

use a large sample of activity-discordant monozygotic pairs;

but we did not have sufficient numbers of discordant

monozygotic pairs even in this large twin cohort. So, for

the main analyses the monozygotic twin pairs were pooled

with the dizygotic pairs. Among the baseline cohort of 5663

(31% MZ and 63% DZ) healthy twin pairs, a sub-sample of

111 pairs were invited for a follow-up study, of which 89

(19% MZ and 81% DZ) twin pairs completed the follow-up.

These twin pairs were then, based on the follow-up

information, further divided into two groups, consistently

discordant (12% MZ and 88% DZ) and not consistently

discordant (26% MZ and 74% DZ) for physical activity. As

Table 3 Anthropometric measurements for all pairs, consistently discordant and not consistently discordant pairsa

Variable Inactive Active Mean difference (95% CI) T-test, P-value

All 89 pairs

Height, 1975 (cm) 169.378.5 169.578.5 0.24 (�0.86 to 1.34) 0.67

Weight, 1975 (kg) 63.5712.5 63.9710.5 0.39 (�1.74 to 2.53) 0.72

Weight, 1981 (kg) 67.1713.7 65.2710.7 �1.99 (�4.35 to 0.37) 0.10

Weight, 2005 (kg) 74.7715.1 72.3711.7 �2.43 (�5.21 to 0.36) 0.09

Change in weight, 1975–1981 (kg) 3.674.7 1.373.8 �2.38 (�3.54 to �1.22) o0.001

Change in weight, 1981–2005 (kg) 7.677.3 7.175.9 �0.44 (�2.30 to 1.42) 0.64

Change in weight, 1975–2005 (kg) 11.279.0 8.477.1 �2.82 (�4.98 to �0.66) 0.01

BMI, 1975 22.072.9 22.272.3 0.14 (�0.49 to 0.77) 0.66

BMI, 1981 23.373.4 22.672.4 �0.73 (�1.46 to 0.01) 0.05

BMI, 2005 25.973.9 25.173.0 �0.80 (�1.70 to 0.10) 0.08

Waist circumference (cm) 90.7712.1 86.7710.2 �4.05 (�6.67 to �1.42) 0.003

Consistently discordant pairs (42 pairs)

Height, 1975 (cm) 169.778.5 169.378.5 �0.39 (�2.22 to 1.44) 0.67

Weight, 1975 (kg) 65.9712.9 64.4710.1 �1.50 (�4.88 to 1.88) 0.38

Weight, 1981 (kg) 69.9714.6 65.079.7 �4.86 (�8.72 to �0.99) 0.02

Weight, 2005 (kg) 78.9715.4 72.0711.8 �6.91 (�11.19 to �2.62) 0.002

Change in weight, 1975–1981 (kg) 4.075.4 0.674.2 �3.36 (�5.42 to �1.29) 0.002

Change in weight, 1981–2005 (kg) 9.078.5 7.076.6 �2.05 (�5.01 to 0.91) 0.17

Change in weight, 1975–2005 (kg) 13.0710.1 7.677.8 �5.41 (�8.87 to �1.95) 0.003

BMI, 1975 22.772.9 22.472.2 �0.30 (�1.24 to 0.65) 0.53

BMI, 1981 24.273.6 22.672.2 �1.57 (�2.77 to �0.37) 0.01

BMI, 2005 27.174.0 25.173.4 �2.05 (�3.48 to �0.61) 0.006

Waist circumference (cm) 94.2712.4 85.8710.2 �8.37 (�12.73 to �4.00) o0.001

Not consistently discordant pairs (47 pairs)

Height, 1975 (cm) 168.978.6 169.778.6 0.79 (�0.57 to 2.14) 0.25

Weight, 1975 (kg) 61.4711.8 63.5710.9 2.09 (�0.63 to 4.80) 0.13

Weight, 1981 (kg) 64.7712.4 65.3711.7 0.57 (�2.18 to 3.33) 0.68

Weight, 2005 (kg) 71.0713.9 72.6711.6 1.58 (�1.79 to 4.94) 0.35

Change in weight, 1975–1981 (kg) 3.373.9 1.873.5 �1.51 (�2.72 to �0.29) 0.02

Change in weight, 1981–2005 (kg) 6.375.8 7.375.4 1.00 (�1.35 to 3.36) 0.40

Change in weight, 1975–2005 (kg) 9.677.6 9.176.5 �0.51 (�3.14 to 2.13) 0.70

BMI, 1975 21.472.8 21.972.3 0.53 (�0.34 to 1.39) 0.23

BMI, 1981 22.673.1 22.672.6 0.01 (�0.88 to 0.89) 0.99

BMI, 2005 24.873.5 25.172.7 0.32 (�0.76 to 1.39) 0.56

Waist circumference (cm) 87.7711.1 87.4710.2 �0.28 (�3.09 to 2.54) 0.84

Abbreviations: BMI, body mass index; CI, confidence interval. a7 Values are means7s.d. The body mass index is the weight in kilograms divided by the square of the

height in meters. Change in weight 1975–1981 is weight in 1981–weight in 1975 and respectively for 1981–2005 and for 1975–2005.

Figure 4 Waist circumference (mean7s.e.) difference for 42 consistently

discordant pairs, for 21 consistently discordant male pairs and for 21

consistently discordant female pairs.
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indicated above, the number of monozygotic pairs in the

sample constitutes a reduced proportion (19%) in the

included sample than in the total cohort (31%). This is

further reduced in the consistently discordant pairs (12%)

indicating that consistently discordant monozygotic pairs

are rare. The finding is in accordance with earlier twin

studies21,31 and consistent with strong genetic influences on

physical activity.32,33 In our study we also see that existing

discordance seems to last for a shorter time among mono-

zygotic pairs than in dizygotic pairs (Figure 2). The same

genes may predict lower weight gain as well as make it easier

for some individuals to exercise more. However, we observed

that when activity discordance continues, the trend is the

same for both zygosities in all our outcome measurements,

even though the number of monozygotic pairs did not

permit strong inference. As the trend was the same in both

monozygotic and dizygotic pairs and the outcome difference

was relatively high also among monozygotic pairs (12.6 kg in

weight gain and 12.6 cm in waist circumference), it is likely

that the association is also present in genetically controlled

conditions. The significant difference in dizygotic pairs

indicates that the association between physical activity and

the outcome variables are not due to childhood environ-

mental effects.

In line with our study, a decreased rate of weight gain

with physical activity has been found in other studies,34–39

although with shorter follow-ups and based on analyses of

unrelated individuals. Haapanen et al.35 found that inactive

subjects had significantly higher risk of gainingX5 kg during

a 10-year follow-up when compared with more active

subjects. Sternfeld et al.38 found that decreased activity over

a 3-year follow-up was associated with higher weight gain

(2.7 kg) in women. They also found that physical activity was

inversely related to waist circumference. Hill and Wyatt19

proposed that physical activity is important for weight

maintenance because of its impact on energy expenditure,

effects on body composition through enhancing fat-free

mass and increasing total fat oxidation.

Weight may increase once participation in physical

activity is reduced, indicating the need to adjust diet during

periods of inactivity. This was seen in the not consistently

discordant pairs, while weight was significantly different

between the inactive and active co-twins in 1981 but no

longer in 2005. However, it is noteworthy that the weight

increase from 1975 to 2005 tended to be lower in both of the

not consistently discordant twin pair members (means 9.1

and 9.6 kg) compared to inactive members of the consis-

tently discordant pairs (13.0 kg). Thus, on the basis of non-

paired analyses, and also in accordance with Schmitz et al.,36

periodical participation in physical activity also seems to

slow down long-term weight gain. If looking at the truly

prospective design (activity discordance 1975–1981 and

weight gain 1981–2005), the weight gain was similar for

both inactive and active co-twins (P¼0.64) among all 89

pairs. This could be explained by converging amounts of

physical activity, as most active co-twins decreased the

amount of activity and inactive co-twins slightly increased

it or remained the same. Even though the prospective design

did not show a difference in weight gain between inactive

and active co-twins, the final cross-sectional design showed

a significant difference in waist circumference at follow-up.

This could partly be explained by reverse causality as

decrease in weight might lead to increased participation in

physical activity. In our study, even a small increase in

exercise habits in passive co-twins seemed to slow down

weight gain, although persistent activity was more bene-

ficial. The correlation between pairwise differences in mean

MET and in weight gain was significant (r¼�0.28, P¼0.008)

reinforcing the dose–response relationship between long-

term physical activity and a slow rate of weight gain.

It has been shown that exercise without weight loss is

associated with a substantial reduction in total and abdom-

inal fat.40 As expected, waist circumference was clearly lower

in active compared with inactive co-twins (Figure 4). A

10-cm difference in waist circumference has high clinical

significance as the outcome measurement has a strict

association with other metabolic syndrome manifestations.3

According to a study by Han et al.,41 the risk of having at

least one other CVD risk factor was higher (OR¼4.57, 95%

CI 3.48–5.99) for men who had a waist circumference

X102 cm compared to men with waist circumference

o94 cm, whereas in women, the risk was higher (OR¼2.55

95% CI 2.02–3.23) if waist circumference was X88 cm when

compared with women who had waist circumference

o80 cm. However, a study by Wang et al.42 showed that

men who had waist circumference X96.5 cm had higher risk

(age-adjusted RR¼5.0, 95% CI 3.4–7.2) of type 2 diabetes

compared to men who had waist circumference o86.4 cm. A

twin study by Rönnemaa et al.43 found that among identical

twins discordant for obesity, only those who differed most in

visceral fat level had major alterations in insulin sensitivity

and glucose tolerance. Aside from prevention of obesity and

abdominal fat, physical activity has other benefits such as

increased cardiovascular fitness, prevention of type 2

diabetes and coronary heart disease.44,45 It is also important

to remember that the most direct effect of physical training

is the increase in fitness, which is also known to reduce

disease risk.46,47 Expectedly, we also found that inactive co-

twins tended to become breathless easier during walking and

daily tasks when compared with active co-twins (P¼0.06 for

paired difference, results not shown).

Strengths and limitations

The strengths of our study were a very long follow-up period

and twin study design. We partly controlled for genetic

factors and the childhood environment by studying twin

pairs comprehensively selected from the large Finnish Twin

Cohort. One of the study limitations is the lack of

comprehensive data on dietary habits. It would have been
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impossible to collect reliable dietary data for so long period

with current data collection methods. A small number of MZ

twin pairs allowed us to only compare whether the trends

were similar to DZ twins. The direction was same in 4 out of

5 consistently discordant MZ pairs.

Retrospective physical activity data collection presents

some limitations, but we observed moderate correlations

between the different physical activity assessments in the

study. Also this type of data collection method is commonly

used in the epidemiological physical activity research.48 It

would have been difficult to measure total energy expendi-

ture for 30 years to validate the retrospective physical

activity assessment. To maximize the participation rate and

minimize the selection bias, an interview-based study was

conducted, leaving weight, height and waist circumference

to be measured by the participants. Although self-measure-

ments are a limitation, they have shown to be valid and

clinically relevant.

Conclusion

In conclusion, our findings give further evidence that

persistent long-term participation in leisure-time physical

activity is associated with decreased rate of weight gain and

smaller waist circumference in adults. A 10-cm reduction in

waist circumference across the population would produce

significant benefits for public health.
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Abstract
Aims/hypothesis The study aimed to investigate whether
baseline physical activity protects against the occurrence of
type 2 diabetes during a 28 year follow-up, after controlling
for childhood environment and genetic predisposition.
Methods At baseline in 1975 same-sex twin pairs born in
Finland before 1958 were sent a questionnaire including
questions on physical activity. The participants (20,487
individuals, including 8,182 complete twin pairs) were
divided into quintiles by leisure-time physical activity

metabolic equivalent (MET) index (MET h/day). Type 2
diabetes was determined from nationwide registers for the
follow-up period (1 January 1976–31 December 2004).
Individual and pairwise Cox proportional hazard models
were used.
Results During follow-up, 1,082 type 2 diabetes cases were
observed. Among all individuals, participants in MET
quintiles (Q) III–V had significantly decreased risk for type
2 diabetes compared with sedentary individuals (QI). The
pairwise analysis on pairs discordant for physical activity
showed that participants in MET QII to V had significantly
lower hazard ratios (0.61, 0.59, 0.61, 0.61) compared with
sedentary participants. These findings from the pairwise
analysis persisted after adjusting for BMI. In the pairwise
analysis, the BMI-adjusted hazard ratio for type 2 diabetes
was lower for physically active members of twin pairs
(combined QII–V) than for inactive co-twins (HR 0.54;
95% CI 0.37–0.78). Similar results were obtained for both
dizygotic and monozygotic pairs, as well as for the
subgroup of twin pairs defined as free of co-morbidities in
1981 (HR 0.36; 95% CI 0.17–0.76).
Conclusions/interpretation Leisure-time physical activity
protects from type 2 diabetes after taking familial and
genetic effects into account.

Keywords Follow-up studies . Physical activity . Twin
study . Type 2 diabetes mellitus
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MZ Monozygotic
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Introduction

Type 2 diabetes is an increasing worldwide health problem.
More than half a million people in Finland (about 10% of
the population) in 2008 [1] and about 170 million people
worldwide in 2004 [2] were estimated to have type 2
diabetes. The worldwide figure is estimated to double by
2030 [2].

It has been shown that obesity is a major risk factor for
type 2 diabetes [3, 4] and that lifestyle interventions,
including diet modification and physical activity, are
effective in preventing diabetes [5–7]. Prospective follow-
up studies [8–12] and a randomised controlled trial [13]
suggest that physical activity has an independent role in the
prevention of type 2 diabetes. The evidence suggests that
any physical activity may be better than none in the
prevention of type 2 diabetes, but better results are achieved if
individuals engage in moderate-intensity exercise, preferably
daily [14].

It is known that physical fitness and the ability to
achieve high levels of physical activity have a genetic
component [15–17]. Type 2 diabetes has been clearly
shown to be an environmental disease, but it also has a
genetic component [18], based on family, twin and
genome-wide association studies [19]. Twin pairs nearly
always share the same childhood family environment.
Dizygotic (DZ) pairs (like sibling pairs) share, on average,
half of their segregating genes, while monozygotic (MZ)
pairs are genetically identical at the sequence level. By
studying outcomes in twin pairs discordant for an
exposure, such as physical activity, the possible confound-
ing role of genetic and early childhood experiences can be
assessed.

The main aim of this study was to investigate whether
physical activity predicts the development of type 2
diabetes during almost 30 years of follow-up, when
controlled for genetic predisposition and childhood family
environment (co-twin-control design). Another aim of the
study was to see whether the effect of physical activity is
independent of BMI.

Methods

Participants The Finnish Twin Cohort comprises virtually
all the same-sex twin pairs born in Finland before 1958
and with both co-twins alive in 1967 [20]. In 1975, a
baseline questionnaire (described below in detail) was sent
to twin pairs with both members alive. The response rate
was 89%. After excluding the participants with diagnosed
diabetes at baseline, those of undefined zygosity and those
who had moved abroad before 1976, the cohort consisted
of 23,585 individuals with self-reported baseline data on

education, social and occupational class, alcohol con-
sumption, physical activity and BMI [19]. The final cohort
for the present study included 20,487 individuals, with
8,182 complete twin pairs, who had complete physical
activity information available for metabolic equivalent
(MET) index calculations (see explanation below). Of the
total sample, 9,842 were male and 10,645 female, and
6,399 were monozygotic twin individuals and 14,087 were
dizygotic twin individuals. Determination of zygosity was
based on an accurate and validated questionnaire method
[21].

To remove the confounding factors due to disease, we
studied a subgroup of 13,291 presumably healthy individ-
uals. Participants with chronic diseases (such as angina
pectoris, myocardial infarction, stroke, diabetes, cardiovas-
cular disease, chronic obstructive pulmonary disease and
malignant cancer) affecting weight and ability to engage in
leisure physical activity prior to 1982 had been identified
by a questionnaire in 1981 and by medical records as
described in detail by Kujala et al. [22]. Type 2 diabetes
[23] and some other diseases can remain subclinical and
undiagnosed for some time after the onset of symptoms.
Therefore, we set a 6 year period in order to ensure that any
undiagnosed cases in 1975 would have been diagnosed by
1981. Thus, we obtained a true cohort of participants free of
clinical co-morbidities.

The participants were informed about the purposes of the
overall cohort study when given the baseline questionnaire
in 1975. In responding to the questionnaire, participants
also gave informed consent. The record linkages were also
approved by the appropriate authorities responsible for the
registers and the Ethics Committee of the Department of
Public Health, University of Helsinki.

Baseline physical activity and covariate assessment The
1975 questionnaire included questions on medical history,
education, occupation, physical activity and other health
habits. Assessment of leisure-time physical activity volume
(MET index) was based on a series of structured questions
on leisure-time physical activity (monthly frequency, mean
duration and mean intensity of sessions) and commuting
physical activity. The index was calculated by first
assigning a multiple of resting metabolic rate (MET value)
to one of four categories defined according to the
strenuousness of the activity [22]. After assigning the
MET value, the product of the activity was calculated as
follows: MET value × duration × frequency. The MET
index was expressed as the sum score of leisure MET h/day
(1 MET h/day corresponds to about 30 min walking every
other day). The MET index thus established was then
divided into quintiles. The same quintiles were used as in
our earlier study on mortality [22]. For cut-off points see
Table 1. For further analyses the index was dichotomised as
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sedentary <0.59MET h/day (QI) and active ≥0.59MET h/day
(combined QII–V).

The MET index was validated in a previous study by our
group [24] by comparing the MET index with a 12 month
detailed physical activity questionnaire conducted by
telephone interview. The intraclass correlation between the
MET index and the detailed 12 month physical activity
MET index was 0.68 (p<0.001) for leisure-time physical
activity and 0.93 (p<0.001) for commuting.

Baseline self-reported weight and height were used to
calculate BMI, which was used as a covariate in the study.
In another study of Finnish twins the correlation between
self-reported and measured BMI was very high [25].

Self-reported smoking status, use of alcohol, work-
related physical activity and social class at baseline in
1975 were also used as covariates. Smoking status was
coded into four categories, determined from responses to
detailed smoking history questions: never smoked; former
smoker; occasional smoker; and current daily smoker [26].
Alcohol use was coded as a dichotomous index of binge
drinking and defined by whether the participant had drunk
at least five drinks on a single occasion, at least monthly
[27]. Alcohol was also used as a continuous variable
expressed as grams consumed daily, as described in detail
earlier [27]. Six categories were used to describe social
class and the classification was based on self-reported job
titles according to the criteria used by the Central Statistical
Office of Finland [28]. Work-related physical activity was
used as a categorical variable with a four-point ordinal scale
[16].

Diabetes assessment Type 2 diabetes information for
1976–1996 was collected from death certificates, the
National Hospital Discharge Register and the Medication

Register of the Social Insurance Institution by linking this
information to the personal identification assigned to all
residents of Finland [19]. The Social Insurance Institution
of Finland (KELA) is the agency responsible for the
provision of basic social security [19, 29]. KELA reimburses
whole or part of the cost of necessary medications to patients
who are certified by a physician as having a diagnosed
severe chronic disease [30]. Although the register is not
sensitive to cases of mild disease, it has very high validity
and the possibility of false-positive cases is unlikely [29].
The relevant medical records for 1976–1996 were reviewed
and cases classified as type 2 diabetes, type 1 diabetes,
gestational diabetes, secondary diabetes or other diagnoses as
described by Kaprio et al. [31]. The date of onset of disease
symptoms was determined and used in the analyses. The
diabetes information for 1996–2004 was collected solely
from the Medication Register and individuals were presumed
to have type 2 diabetes, given their age [19]. For this period
the date of being granted the right to reimbursable
medication was used in the analysis as the date of disease
onset. We have not yet extended the data collection for years
2005–2009, partly because the national programme of
screening pre-diabetes and diabetes cases followed with
preventive interventions (for example, dietary modification,
physical activity) has been intensive during 2005–2009,
which may cause a bias in our study design if included in our
prospective long-term follow-up.

Data analysis Cox proportional hazard regression was used
to estimate the hazard ratios, with 95% CI, for the incidence
of type 2 diabetes by MET quintile. The inactive category
(QI: <0.59 MET h/day) was used as the reference group.
The follow-up for type 2 diabetes ended at the time of
diagnosis and for the others at the time of death, emigration

Table 1 Baseline characteristics of 20,487 individuals according to MET quintiles in 1975

Variable MET QI <0.59
MET h/day

MET QII 0.59–
1.29 MET h/day

MET QIII 1.30–
2.49 MET h/day

MET QIV 2.50–
4.49 MET h/day

MET QV≥4.5
MET h/day

p valuea

Participants, n (%) 3,670 (18.2) 3,727 (18.1) 4,551 (22.4) 4,606 (22.5) 3,933 (18.8)

Male, n (%) 1,531 (15.6) 1,825 (18.5) 2,043 (20.8) 2,216 (22.5) 2,227 (22.6)

Female, n (%) 2,139 (20.1) 1,902 (17.9) 2,508 (23.6) 2,390 (22.5) 1,706 (16.0)

Monozygotic, n (%) 1,137 (17.8) 1,136 (17.8) 1,395 (21.8) 1,461 (22.8) 1,270 (19.8)

Dizygotic, n (%) 2,533 (18.0) 2,590 (18.4) 3,156 (22.4) 3,145 (22.3) 2,663 (18.9)

Age in 1975, mean (±SD) 35.6 (±15.2) 34.1 (±13.0) 32.9 (±12.2) 33.2 (±13.0) 33.4 (±13.5) <0.001

BMI in 1975, mean (±SD) 23.4 (±3.7) 23.3 (±3.4) 22.9 (±3.2) 22.9 (±3.2) 22.9 (±3.0) <0.001

Pack years smoked, mean (±SD) 5.1 (±9.6) 4.8 (±8.9) 4.7 (±8.6) 4.4 (±8.4) 4.5 (±8.9) <0.001

Alcohol (g/day), mean (±SD) 8.1 (±15.6) 8.5 (±13.6) 8.6 (±13.5) 8.6 (±13.4) 8.6 (±13.2) <0.001

Current smokers, n (%) 1,335 (36.4) 1,207 (32.4) 1,561 (34.3) 1,445 (31.4) 1,096 (27.9) <0.001

White collar/clerical workers, n (%) 841 (22.9) 1,235 (33.1) 1,587 (34.9) 1,681 (36.5) 1,366 (34.7) <0.001

Heavy physical work, n (%) 2,240 (61.0) 2,057 (55.2) 2,289 (50.3) 2,298 (49.9) 2,114 (53.8) <0.001

a p values are from cluster-corrected regression analyses adjusted for sex and age in 1975
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from Finland or end of follow-up (31 December 2004).
First, the Cox regression model was conducted as an
individual analysis and second, the analyses were done as
pairwise analyses, in which the data were stratified by pair
and thus the risk estimates were within-pair estimates. For
the individual analysis, the Cox regression model was
adjusted for age and sex, and additionally for BMI. The
pairwise analyses controlled by design for age and sex (co-
twin-control design), but the models were also adjusted for
BMI and were run separately for MZ and DZ pairs if the
numbers permitted. The basic individual analysis was
additionally adjusted for work-related physical activity,
social class, alcohol use and smoking. In the individual-
level analyses, lack of statistical independence of co-twins
was taken into account by computing robust variance
estimators for cluster-corrected data [32] to yield correct
standard errors and p values. Data management and
analysis were performed using the Stata statistical software,
version 9.0.

Results

Table 1 shows the baseline characteristics of the partic-
ipants according to the physical activity MET quintiles. The
sedentary participants in QI were, as expected, the oldest,
had highest BMI and smoked the most.

A total of 535,000 person-years were accumulated
during the follow-up from 1976 to 2004. During this
period, 1,082 new type 2 diabetes cases occurred among the
20,487 participants. The hazard ratios and 95% confidence
intervals for type 2 diabetes between the different MET
quintiles for all individuals are presented in Fig. 1a (see
also Electronic supplementary material [ESM] Table 1).

The individual analyses showed that the participants in
physical activity quintiles III–V had significantly lower
age- and sex-adjusted hazard ratios during the follow-up
compared with the sedentary individuals in QI. Analysis of
healthy participants with no known medical constraints on
physical activity (n=13,291 individuals) also showed
similar hazard ratios (ESM Table 1). After adjusting the
model for all individuals for work-related physical activity,
social class, smoking and alcohol use (all separately), the
hazard ratios remained similar. When the model was
adjusted for BMI, the differences in the hazard ratios
between the quintiles were no longer significant (Fig. 1b).
There was no difference between individuals in risk by
zygosity.

The pairwise analysis indicated (Fig. 1c) that the
participants in physical activity quintiles II to V were
significantly less likely to have type 2 diabetes (QII HR
0.61, 95% CI 0.41–0.90; QIII 0.59, 0.39–0.87; QIV 0.61
0.41–0.91; QV 0.61, 0.40–0.94) during the follow-up than
their co-twins in the sedentary quintile (ESM Table 2). This
analysis takes into account all pairs discordant for physical
activity across all the quintiles. The hazard ratios (QII HR
0.50, 95% CI 0.32–0.78; QIII 0.50, 0.32–0.78; QIV 0.57,
0.37–0.88), except that for QV, were reduced even further
when the model was adjusted for BMI (Fig. 1d). Similar
results were found for both zygosities, with the MZ twins
showing the lowest hazard ratios (ESM Table 2). Although
numerically the lowest, the hazard ratios for the MZ pairs
are not all statistically significant as the MZ also had the
lowest number of informative discordant pairs. Again, the
results of the subgroup analysis of the healthy participants
with no known constraints on physical activity showed
similar hazard ratios. The BMI-adjusted hazard ratios for
type 2 diabetes remained statistically significant in all
quintiles.

Of all the twin pairs, 1,919 pairs were discordant for
physical activity when sedentariness (QI <0.59 MET h/day)
was compared with any activity category (combined
quintiles II–V) and 809 pairs were discordant for type 2
diabetes. Of these, 146 pairs were discordant for both
baseline physical activity and follow-up type 2 diabetes. In
85 of the 146 pairs, the co-twin who was diagnosed with
diabetes during the follow-up was sedentary at baseline,
while the active co-twin remained healthy; in 61 pairs the
converse was true. Among the MZ pairs the corresponding
numbers were 21 and 10.

Further pairwise analyses showed that the BMI-adjusted
hazard ratio (0.54; 95% CI 0.37–0.78) was lower in the
members of the twin pairs who were physically active
(combined Q II–V: ≥0.59 MET h/day) compared with their
inactive (QI: <0.59 MET h/day) co-twins (Table 2). The
results of the BMI-adjusted pairwise analyses were signif-
icant for all the analysed subgroups, except that for MZ
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Fig. 1 HRs and 95% CIs for type 2 diabetes according to different MET
quintiles for all participants: (a) individual analyses; (b) individual
analyses adjusted for age, sex and BMI; (c) pairwise analyses; and (d)
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pairs, which was marginally non-significant. However, the
MZ pairs showed a similar or even lower hazard ratio than
the other groups.

Discussion

Our 28 year prospective follow-up study in twins showed
that leisure-time physical activity reduces the risk for type 2
diabetes when controlled for genetic predisposition and
childhood home environment. This was seen in the pairwise
analyses among both MZ and DZ pairs, including those
using BMI-adjusted data. It can therefore be assumed that
physical activity independently protects against type 2
diabetes, as many unmeasured confounding factors (both
genetic and environmental) are controlled for by the twin
design. These findings are consistent with those of earlier
population-based studies [10–12]. However, our study had
a longer follow-up and we were able to investigate the issue
in genetically controlled participants.

On the one hand, high BMI may lead to inactivity and
then to more type 2 diabetes; on the other hand inactivity
may lead to higher BMI and then to type 2 diabetes.
However, use of BMI as a covariate is problematic as both
high muscle mass and high fat mass can contribute to high
BMI. Our previous twin studies have shown that despite the
lack of statistically significant differences in BMI between
physically active and inactive members of twin pairs,
physical activity reduces waist [24] and high-risk body fat
(ectopic fat stores, liver fat and visceral fat) but maintains
skeletal muscle mass and function [33], leading to lowered
type 2 diabetes risk independent of BMI. It is also possible
that the results from BMI-adjusted analyses are over-
adjusted, as physical activity may reduce type 2 diabetes
by independently reducing BMI.

As chronic exposure of pancreatic beta cells to elevated
glucose and fatty acid levels may impair their function and
lead to type 2 diabetes [34, 35], both endurance and
resistance exercise training has been proven to have effects
on various mechanisms that enhance the insulin sensitivity
of skeletal muscles [36] and thus diminish glycaemic stress.
More specifically, physical activity or exercise training has

been shown to reduce visceral fat [33], improve skeletal
muscle insulin sensitivity [37, 38] and increase the
oxidative capacity of skeletal muscle, which correlates with
insulin sensitivity [39], and also leads to increased/modified
fat oxidation, which is most likely to prevent lipid-mediated
insulin resistance [40].

The evidence to date on the dose-response relationship
regarding the amount of physical activity needed to prevent
type 2 diabetes remains conflicting [14]. In our study
any amount of physical activity seemed to reduce the risk
for type 2 diabetes, as seen in the pairwise analyses. As
little physical activity as 0.6–1.3 MET h/day or 4.2–
9.1 MET h/week, produced significant results compared
with sedentariness. Four MET h/week are equivalent to 1 h
moderate-intensity exercise weekly and 9 MET h/week are
equivalent to about 2 h moderate-intensity exercise weekly,
which still is less than the generally advised 150 min
moderate intensity exercise per week [14]. The hazard
ratios in the pairwise analyses were similar across all the
physical activity quintiles (II–V), indicating that total
inactivity in particular is a predictor of future type 2
diabetes. However, it may be that during our long-term
follow-up those individuals who at baseline exercised most
have decreased their exercise levels. The dose-response
relation between physical activity and occurrence of type 2
diabetes, and particularly the role of the intensity of
activity, still remain unanswered.

Strengths and limitations The main strengths of the present
study are a very long follow-up period, the twin study
design and a large sample size. The twin design enabled us
to control for both genetic predisposition and childhood
family environment. The large sample included a very large
proportion of all the same-sex twin pairs born in Finland
before 1958 and therefore can be expected to be a good
representation of the Finnish general population of that
generation. Another important strength of the study is the
use of hospital discharge and death registers and informa-
tion on reimbursable medication for type 2 diabetes
assessment, which provide data on outcomes on all
participants. There were very few, if any, false-positive
cases of type 2 diabetes among our data [29].

Variable Pairwise analyses

HR (95% CI) p value HR (95% CI) adjusted for BMI p value

All 0.60 (0.43–0.84) 0.003 0.54 (0.37–0.78) 0.001

Men 0.51 (0.31–0.86) 0.011 0.49 (0.27–0.87) 0.014

Women 0.68 (0.44–1.05) 0.083 0.59 (0.36–0.96) 0.033

Monozygotic 0.5 (0.24–1.03) 0.061 0.49 (0.23–1.04) 0.064

Dizygotic 0.63 (0.44–0.92) 0.017 0.56 (0.37–0.86) 0.007

Healthy in 1981 0.4 (0.21–0.78) 0.007 0.36 (0.17–0.76) 0.007

Table 2 Risk for type 2 diabe-
tes during 1976–2004 in active
members of twin pairs
(≥0.59 MET h/day) compared
with their sedentary co-twins
(<0.59 MET h/day)a

a Sedentary participants
(<0.59 MET h/day) are the
reference group
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However, the registers also have a limitation as
diagnoses of type 2 diabetes tend to be delayed, which
then means delay in granting of the right to reimbursable
medication; this would bias results if the delay was
different by physical activity category. Biochemical assess-
ment of all participants for follow-up status would have
been ideal. In practice, repeated measures of glucose
metabolism from all participants is not possible, as this
may also lead to participation bias based on presence of
diabetes or related symptoms. Self-reported data on
physical activity habits and BMI also have known
limitations. However, these physical activity questions
correlated well with the results of a detailed interview
[24] and predicted mortality [22] consistently with other
studies that have used different measures of physical
activity. As stated earlier, correlation between self-reported
and measured BMI is very high [25]. Another limitation in
our study relates to the use of baseline BMI as a covariate.
This does not control for the changes in BMI over time that
are possible during such a long follow-up. More detailed
measures of body composition in 1975 would have been
desirable but were not available.

Conclusion

Our longitudinal twin pair study established that leisure-
time physical activity protects from type 2 diabetes after
taking genetic effects into account. On the basis of our co-
twin-control design even small amounts of physical activity
compared with sedentariness play a significant role in
reducing or postponing the occurrence of type 2 diabetes.
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