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ABSTRACT

Rottensteiner, Mirva

Leisure-time Physical Activity Habits and Abdominal Adiposity in Young
Adulthood - Twin Cohort and Co-Twin Control Studies

Jyvéaskyld: University of Jyvaskyld, 2018, 113 p.

(Studies in Sport, Physical Education and Health

ISSN 0356-1070; 271)

ISBN 978-951-39-7471-8 (print)

ISBN 978-951-39-7472-5 (pdf)

Finnish summary

Diss.

Twin study designs were utilized to investigate how and what types of leisure-
time physical activity (LTPA) are associated with abdominal adiposity in young
adulthood taking into consideration diet and other selected health factors. The
data of two studies were used: the longitudinal FinnTwinl6 cohort and the
clinical FITFATWIN study. In FinnTwin16, questionnaire data together with self-
measured waist circumference (WC) of 3 383 (1 578 men) cohort members at
mean ages 24.5 y and 34 y were used to study LTPA level and waist gain. Cross-
sectional data of 4 027 (1 874 men) cohort members at mean age 34 y was used to
study LTPA modes and WC. In FITFATTWIN study, ten monozygotic (MZ) male
twin pairs discordant for LTPA (mean age 34 y) participated in series of
comprehensive health measurements including MRI of abdomen. In the
longitudinal study, an increase in LTPA or staying active during the follow-up
decade was associated with less waist gain, but any decrease in activity level,
regardless of baseline activity, led to a waist gain resembling that of persistently
inactive subjects. The difference in waist gain between the MZ twins whose
activity decreased and their co-twins whose activity increased was significant. In
the cross-sectional study, the number of sport disciplines engaged in was
inversely associated with WC. This result persisted after adjustment for LTPA
volume and diet quality. In men, all three activity types (aerobic, power and
mixed) were individually associated with smaller WC, while in women this
association was found only for mixed and power activities. The FITFATTWIN
study revealed that in the absence of an overall difference in BMI (~3%), the less
active male co-twins tended to have more body fat (~21%), and had an average
31 % more intra-abdominal adipose tissue (IAAT), and 41% more intraperitoneal
adipose tissue than their genetically identical but more active brothers. IAAT was
associated with the markers of glucose homeostasis. Diet did not differ between
co-twins. The findings of this dissertation underline the importance of adopting
and maintaining an adequate level of LTPA from young adulthood onward,
independently of genes, in seeking to minimize abdominal fat accumulation and
the possible development of related metabolic complications.

Keywords: physical activity, waist circumference, abdominal obesity, diet, twins
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1 INTRODUCTION

Worldwide trends in overweight and obesity are a cause of concern (NCD Risk
Factor Collaboration 2017). The prevalence of obesity has nearly tripled over last
four decades, with over 1.9 billion adults (39%) estimated to be overweight and
650 million obese (13%) in 2016 (WHO 2017a). In Finland, an increasing long-
term trend has been also observed, and with an estimated 60 % of men and 43 %
of women overweight in 2014 (Helldan & Helakorpi, 2014). In general, in the
rather complex interaction between environment and genes (Dixon 2010), body
weight increases when energy intake exceeds energy consumption over a given
period, and in general 60 % to 80 % of the increased body mass is composed of
fat (Hill, Wyatt & Peters 2012). During the last few decades, rapid urbanization,
industrialization, motorized transport, reduction in occupational physical
activity, along with increased availability of food have challenged individuals’
ability to maintain energy balance (Hallal et al. 2012, Hill, Wyatt & Peters 2012).
Obesity is no longer only a problem in the high-income countries, but has also
been on the rise in low- and middle-income countries (NCD Risk Factor
Collaboration 2017). The prevalence of obesity and overweight are high, but
promising signs of a leveling off have been observed (Flegal et al. 2010, Rokholm,
Baker & Sorensen 2010, Lao et al. 2015). However, in some countries, waist
circumference (WC), a surrogate marker of abdominal obesity, has continued to
rise (Ford, Maynard & Li 2014, Lao et al. 2015, Koponen et al. 2018). The growth
in waist circumference or prevalence of abdominal obesity has increased, in
particular, among younger adults (Lahti-Koski et al. 2012, Ladabaum et al. 2014,
Albrecht et al. 2015, Jacobsen & Aars 2016).

While the health consequences of obesity are indisputable (WHO 2000), the
location of body fat seems to have a more important influence, especially on
cardio-metabolic health, than general obesity (Kissebah et al. 1982, Després 2012).
Abdominal obesity is an independent risk factor for type 2 diabetes and
cardiovascular diseases (Janssen, Katzmarzyk & Ross 2004, Yusuf et al. 2005,
Balkau et al. 2007), which are the major global health concerns (Roth et al. 2015,
NCD Risk Factor Collaboration 2016). Intra-abdominal adipose tissue (IAAT),
located within the abdomen cavity close to the inner organs, is a metabolically
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active fat depot (Ibrahim 2010), and has been shown to be more strongly
associated with obesity-related metabolic disturbances than subcutaneous
abdominal adipose tissue (Fox et al. 2007, Smith et al. 2012). As abdominal obesity
has become increasingly common among younger people, early stages
prevention strategies to minimize the development of related health problems
are important. Moreover, preventing excessive fat accumulation should be a
priority as it seems to be easier to accomplish than reducing obesity (Hill, Wyatt
& Peters 2012).

There is a convincing body of evidence to show that regular physical
activity has important health benefits (Physical Activity Guidelines Advisory
Committee 2008), although many questions concerning the optimal dose of
exercise for different health outcomes remain unanswered. Importantly, in most
adults, the benefits outweigh the risks (Garber et al. 2011). Based on the current
scientific knowledge, engaging in moderate-intensity physical activity for at least
150 min a week or vigorous-intensity physical activity for at least 75 min a week
is recommended, along with resistance exercises for the major muscle groups at
least twice a week (WHO 2010, Garber et al. 2011). Globally, despite all the
acknowledged benefits of physical activity, the proportion of inactive people
remains substantial (Hallal et al. 2012, WHO 2017b), and inactivity has been
identified as one of the leading risk factors for non-communicable diseases and
mortality (WHO 2009).

Physical activity is the most modifiable component of total daily energy
expenditure (McArdle et al. 2015), and has, therefore, good potential to prevent
and reduce abdominal obesity. With the decrease in routine daily activity in
modern society, the emphasis in modifying total daily energy expenditure
nowadays is on the role of leisure-time time physical activity (LTPA), which has
shown a positive trend over recent decades (Borodulin et al. 2008, Hallal et al.
2012). Longitudinal studies have shown that regular physical activity is related
to favorable WC (Waller, Kaprio & Kujala 2008, Hankinson et al. 2010).
Nevertheless, despite constant physical activity WC seems to continue to grow
(Hankinson et al. 2010, May et al. 2010). Intervention studies have demonstrated
that aerobic training can reduce IAAT among people with overweight and
obesity, even without caloric restriction or weight loss (Vissers et al. 2013,
Verheggen et al. 2016). Observational studies on changes in physical activity
habits along with prolonged activity have highlighted the need of an increase in
activity level to attenuate age-related waist gain (Aadahl et al. 2009, Shibata et al.
2016). However, less is known about this phenomenon among younger adults,
who are at an age when waist gain already seem to escalate (Lahti-Koski et al.
2012, Ladabaum et al. 2014) and many other major changes in life that affect
physical activity habits occur (i.e. work- and family- related commitments)
(Engberg et al. 2012), making this a critical life phase from the obesity epidemic
viewpoint. Recently, whereas the health benefits of specific sport disciplines have
been discussed (Oja et al. 2015, Oja et al. 2016), the evidence on body fat
distribution remains scarce. The range of popular sport disciplines is much
broader than the activity modes typically used in intervention trials or reported
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in observational studies. From a health promotion perspective, study of the
health benefits of a wide range of popular physical activities could be beneficial.

Furthermore, the studies that have investigated the relationship between
physical activity and health outcomes have largely been performed in genetically
unrelated individuals. As genetics plays a role in obesity (Locke et al. 2015,
Shungin et al. 2015, Turcot et al. 2018) and exercise participation (de Geus et al.
2014), purely observational studies may be biased by genetic selection favoring
high physical activity levels and a suitable body composition in certain
individuals. Very long exercise trials are difficult to accomplish, and other study
designs reflecting causality, such as Mendelian Randomization or genetic risk
score studies, are difficult to apply in exercise research because the genetic
background of physical activity is multifactorial and strong genetic markers
needed for such analyses are lacking (Lightfoot et al. 2018). Discordant twin
study designs offer a means to tackle the challenges presented by genetic factors
in the field of exercise research. By studying twin pairs discordant for an
exposure, such as physical activity, childhood family environment and genetic
background can be fully (monozygotic (MZ) pairs) or partially (dizygotic (DZ)
pairs) controlled for.

For this dissertation, twin study designs were utilized to investigate how
and what types of LTPA are associated with abdominal fat accumulation in
young adulthood. Changes in LTPA habits during young adulthood and the role
of different activity modes along with diet quality were investigated in the
observational studies. In the clinical study, MZ male twin pairs discordant for
LTPA level were studied to determine the differences in abdominal adipose
tissue compartments and other health —related factors, such as diet, fitness, body
mass index (BMI), body fat, and glucose homeostasis, independently of genetics
or shared environmental factors. In the clinical study, young adult males were
studied to see whether differences arising from differing physical activity levels
are observable prior to the onset of overt chronic diseases or to the presence of
widespread abnormal values for other cardio-metabolic risk factors.



2 REVIEW OF THE LITERATURE

2.1 Body fat distribution and health

The health consequences of obesity, the phenotype of increased adipose tissue
mass, are indisputable, and include among others increased risk for overall
mortality, cardiovascular diseases, type 2 diabetes, insulin resistance,
hypertension, dyslipidemia, nonalcoholic liver fat disease, obstructive sleep
apnea, osteoarthritis, and several cancers (WHO 2000, Haslam & James 2005,
Kumanyika et al. 2008). Obesity is universally defined based on body mass index
(BMI, kg/m?). Thus, normal weight is classified as BMI between 18.5-24.9,
overweight as BMI between 25-29.9, and obesity as BMI 30 or over (WHO 2000).
However, the location of body fat seems to have a more important influence,
especially on cardio-metabolic health, than general obesity (Kissebah et al. 1982,
Després 2012). Obesity is a very heterogeneous and complex condition where
equally overweight or obese persons may show individual variation in regional
fat distribution, and, further, markedly different risk factor profiles (Britton &
Fox 2011, Després 2012).

Adipose tissue comprises about 20% and 28% of men’s and women’s body
weight, respectively, but can show a considerable increase in the state of obesity
(Thompson et al. 2012). Adipose tissue is loose connective tissue that has a role
as a body insulator and cushion (Shen et al. 2003). It consists mainly of adipocytes,
but also of other non-fat cells (e.g., inflammatory cells), and of vascular,
connective, and neural tissues (Ibrahim 2010). The main chemical component of
adipose tissue is fat (~80%), and remaining part (~20%) comprises water, protein,
and minerals (Shen et al. 2003). Adipose tissue is specialized in the storage and
mobilization of lipids, but its central role as an endocrine organ has received
increasing attention (Després & Lemieux 2006, Hajer, van Haeften & Visseren
2008). As such, it releases many hormones and cytokines (such as adiponectin,
TNEF-a, IL-6, PAI-1, LPL, leptin among others) involved in glucose and lipid
metabolism, inflammation, coagulation, blood pressure, and feeding behavior.
Therefore, the metabolism and function of many other organs and tissues are
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influenced by adipose tissue. In the state of obesity, the number of macrophages
infiltrated in adipose tissue is increased and the produce of these biological
mediators is often changed (Hajer, van Haeften & Visseren 2008). However,
adipose tissue cannot be considered as a single uniform tissue, as there seems to
be differences in its biological function according to its location (Shen et al. 2003,
Ibrahim 2010). Adipose tissue can expand by adipocyte hyperplasia or
hypertrophy. With regards to adipose tissue function, adipocyte size is the
determining factor, and there seem to be regional differences in the preference
for storing fat through hyperplasia or hypertrophy (Tchernof & Després 2013).

Adipose tissue is distributed throughout the body as subcutaneous
adipose tissue and internal adipose tissue (Shen et al. 2003). Most of the body fat,
approximately 80%, is located in subcutaneous adipose tissue, mainly in gluteal-
tight regions, and in the back and anterior abdominal wall (Ibrahim 2010). A thin
fascial plane separates subcutaneous adipose tissue further into superficial and
deep portions. Internal adipose tissue, in turn, consists of intra-abdominal
adipose tissue (IAAT) (i.e., visceral adipose tissue (VAT)) and non-abdominal
internal adipose tissue. The latter consist mainly of intra-, perimuscular- and
cardiac adipose tissues (Shen et al. 2003, Thomas et al. 2013).

The muscle wall of the abdomen separates the two main abdominal
adipose tissue depots of ASAT and IAAT/VAT. The terms VAT and IAAT are
mostly reported interchangeably. IAAT is typically defined as adipose tissue in
the body cavity within the abdomen, or as the sum of adipose tissue in the two
anatomically connected body cavities within the abdomen and pelvis. IAAT can
anatomically be further divided into intraperitoneal (omental and mesenteric)
and retroperitoneal regions (Shen et al. 2003). These two depots have venous
drainage differences, as intraperitoneal adipose tissue drains directly through the
portal vein to the liver, and retroperitoneal adipose tissue is drained systemically
(Shen et al. 2003, Item & Konrad 2012). In addition to adipose tissue found
surrounding some important organs, fat can also be accumulated within organs
and tissue such as the liver, pancreas, and heart, or muscle, where it is known as
an ectopic fat (Thomas et al. 2013).

If energy intake exceeds energy expenditure over the longer term, the
body’s limited capacity to store glycogen is exceeded, and the excess energy will
be stored at most as fat in adipocytes in adipose tissue (Hill, Wyatt & Peters 2012,
Thompson et al. 2012). Physical activity and diet play a pivotal role in energy
balance and further in body fat accumulation. However, various other factors
such as genotype, sex, age, race/ethnicity, hormonal profile, total adiposity,
stress, smoking, and sleeping habits, among others, seem to influence the pattern
of body fat distribution. (Cornier et al. 2011, Tchernof & Després 2013). Physical
activity, diet, and genetics are discussed in Chapters 2.3, 2.4, and 2.5. Body fat
percent is generally higher in women, and they are more likely to accumulate fat
subcutaneously in the gluteal-femoral region, while men tend to deposit fat in
the abdominal region (Power & Schulkin 2008). Fat deposition in IAAT relative
to subcutaneous tissue seems to increase with age. Among women, owing to
changes in the sex hormonal profile, the greatest change is seen from pre- to
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postmenopause. With respect to race and ethnicity, different populations show
differences in the susceptibility to accumulate adipose tissue in the subcutaneous
and intra-abdominal depots. Despite lower total adiposity values, Asian and
Indian Asians have a tendency to accumulate IAAT. Caucasian also have a
propensity to accumulate IAAT when compared to African-Americans at the
same total adiposity level (Tchernof & Després 2013). Cigarette smokers may
have a smaller BMI than non-smokers, but they seem to accumulate more fat in
central body (Barrett-Connor & Khaw 1989, Canoy et al. 2005). Maladaptive
response to stress is considered to play a role in the preferential accumulation of
intra-abdominal fat relative to overall obesity (Bjorntorp 2001, Drapeau et al.
2003). Recently, short sleep duration has received attention as a risk factor for
preferential increases in central adiposity (Chaput, Després et al. 2011, Chaput,
Bouchard & Tremblay 2014).

21.1 Health consequences of abdominal obesity

It is well established that excess abdominal adiposity is associated with a
constellation of metabolic abnormalities, and furthermore an important risk
factor for cardio-metabolic diseases (Bjorntorp 1993, Després & Lemieux 2006,
Després 2012). In the late 1940s, the French physician Jean Vague demonstrated
for the first time that obesity —related health problems were associated with the
central distribution of body fat. He introduced the term android (male-type,
upper body) obesity, which was found to be more frequently related to diabetes
and cardiovascular diseases than gynoid (female-type, lower body) obesity
(Vague 1947, Vague 1956). Since then, the body of evidence has accumulated and
the health hazards of abdominal obesity have been demonstrated to be
independent of overall obesity. Excess abdominal fat accumulation is closely
related to many cardio-metabolic risk factors such as insulin resistance, glucose
intolerance, atherogenic dyslipidemia, elevated blood pressure, and
inflammatory markers (Kissebah et al. 1982, Janssen, Katzmarzyk & Ross 2004,
Karter et al. 2005, Panagiotakos et al. 2005, Wannamethee et al. 2005), and, further,
to increased risk for type 2 diabetes and cardiovascular diseases (Rexrode et al.
1998, Lakka et al. 2002, Wang et al. 2005, Yusuf et al. 2005, Balkau et al. 2007,
Winter et al. 2008), and mortality (Pischon et al. 2008, Jacobs et al. 2010,
Leitzmann et al. 2011). The associations between abdominal adiposity and
cardio-metabolic risks are found in both sexes and across age and ethnicity. The
International Diabetes Federation has nominated abdominal obesity alongside
insulin resistance as a major determinant of metabolic syndrome (International
Diabetes Federation 2006). It is almost three decades since it was demonstrated
for the first time that of the two abdominal fat compartments, IAAT is more
strongly related to metabolic disturbances and disease risk than SAAT (Fujioka
et al. 1987, Després et al. 1990). Subsequently, many studies have confirmed the
detrimental role of excess IAAT in associations with metabolic health and
increased risk for cardio-metabolic diseases (Fox et al. 2007, Liu et al. 2010,
Neeland et al. 2012, Smith et al. 2012, Yano et al. 2016).
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The underlying mechanisms linking intra-abdominal adiposity and disease
risks are, however, complex and not fully understood. The unique anatomical
position and metabolic peculiarities of IAAT may explain its specific role (Abate
& Garg 1995). Hypertrophied adipocytes in IAAT are lipolytically very active and,
according to the “portal theory”, the liver is directly exposed to the overflow of
free fatty acids and cytokines from portally drained intra-abdominal fat deposits,
which in turn leads to impairments in hepatic metabolism (Bjorntorp 1990,
Després & Lemieux 2006, Item & Konrad 2012). If IAAT is separated into its two
sub-compartments, the intra- and retroperitoneal depots, the intraperitoneal
depot, which drains into portal circulation, has a potentially different metabolic
effect from that of the retroperitoneal depot, which is drained systemically (Abate
& Garg 1995). Further, the “endocrine” function of IAAT, that is, the excessive
release of the different adipokines involved in the inflammation process and lipid
and glucose metabolism, among others, has been proposed to play a central role
in metabolic disturbances related to intra-abdominal adiposity (Després &
Lemieux 2006, Després et al. 2008). Excess of IAAT may also be a marker of
dysfunctional adipose tissue. In that case, it rather reflects the inability of
subcutaneous adipose tissue to store caloric excess and thus to act as the
“protective metabolic sink”, leading to the accumulation of fat, generally termed
ectopic fat deposit, at undesired sites such as the liver, heart, pancreas, and
skeletal muscles (Després et al. 2008, Britton & Fox 2011). Metabolic
derangements may therefore be due to the accumulation of adipose tissue in
organs that are essential to glucose, insulin and lipid metabolism (Britton & Fox
2011). This may explain the protective role of peripheral subcutaneous adipose
tissue found in some studies (Snijder et al. 2004).

Although the existence of a causal relation between excess IAAT and the
constellation of metabolic abnormalities remains unclear, consistent strong
associations between these indicate that excessive accumulation of intra-
abdominal fat could be considered as a good marker of metabolic derangements,
and hence of increased risk for cardiometabolic diseases (Després & Lemieux
2006, Després 2012).

2.1.2 Assessment of abdominal adiposity

Various methods of assessing the quantity of abdominal adiposity have been
developed. These methods include surrogate measures using anthropometrics
such as waist circumference (WC), waist-to-hip ratio, waist-to-height ratio and
abdominal sagittal diameter; indirect estimates such as bioelectrical impedance,
dual-energy X-ray absorptiometry (DEXA) and ultrasonography; and imaging
methods such as computed tomography and magnetic resonance imaging (MRI).
Imaging methods are regarded as the gold standard for directly quantifying
different fat depots (Cornier et al. 2011, Thomas et al. 2013). WC and MRI were
the methods employed in this dissertation research.

Anthropometric measures are a simple and inexpensive way of deriving an
estimate of body fat distribution in clinical practice and larger study populations.
The selection of an anthropometric indicator of body fat distribution is usually
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based on its ability to correlate with other risk factors, morbidity, and mortality,
or to predict the amount of intra-abdominal fat (Molarius & Seidell 1998). BMI is
generally used to assess body fatness, but it does not reveal information about
body fat distribution (Cornier et al. 2011). WC correlates with BMI at the
population level, but for any given BMI value substantial differences will be
found in both WC and visceral adiposity (Després 2011, Nazare et al. 2015).
Although the measurement of WC does not allow IAAT to be distinguished from
less harmful SAAT, it seems to reflect intra-abdominal fat accumulation better
than waist-to-hip ratio (Pouliot et al. 1994, Rankinen et al. 1999), and its ability to
predict IAAT is not improved when adjusted for BMI (Berentzen et al. 2012).
Therefore, WC seems to be a good anthropometric predictor of intra-abdominal
adiposity. Moreover, if change in abdominal adiposity over a given period is of
interest, use of the waist-to-hip ratio may not detect the true change in abdominal
fat if both gluteal-tight and abdominal adiposity have increased or decreased
(Tchernof & Després 2013).

WC is rather easy to measure, and the results are simple to interpret in the
public health context (Molarius & Seidell 1998). Only a tape measure and simple
training in the appropriate technique are required (Cornier et al. 2011). However,
no universally accepted protocol for measuring WC exist, and considerable
variability in the precise location of the tape measure has been reported, but the
advantage of using one measurement site over others has not been clearly
demonstrated (Klein et al. 2007). It is evident that the cut-off thresholds for
increased risk of metabolic complications are gender-specific. Recently, the
recommendation to use ethnic specific thresholds has been highlighted, as
different ethnic populations seem to manifest considerable differences in body
fat distribution and risk for further obesity-related disease (WHO 2008).
Typically used cut-offs for increased cardio-metabolic risk are > 102 cm and > 88
cm for men and women, respectively (Jensen et al. 2014). However, the cut-offs
for the diagnoses of metabolic syndrome are lower; for Europeans, for instance,
the cut-offs are = 94 cm and = 80 cm for men and women, whereas for South
Asians and Chinese the corresponding cut-offs are = 90 and > 80 for men and
women, respectively (International Diabetes Federation 2006).

As anthropometric measures can provide only a rough indication of
abdominal fat accumulation, the measurement of different abdominal adipose
tissue compartments requires imaging methods such as computed tomography
or MRI. These two methods are considered the gold standard because of their
specificity and accuracy in quantifying IAAT and SAAT (Seidell, Bakker & van
der Kooy 1990, Abate et al. 1994, Cornier et al. 2011, Thomas et al. 2013)).
However, the availability of sophisticated equipment along with costs, time, and
the technical skills required limits the use of these methods for routine purposes
(Cornier et al. 2011). One of the main advantages of MRI is the absence of
exposure to a radiation, which makes it preferable, for instance in follow-up
studies and with children (Thomas et al. 2013). A sophisticated MRI scanner
generates and controls magnetic fields that interact with the protons in different
human tissues. The construction of the sliced images is based on the rate at which
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protons from different tissues return to the equilibrium state after exposure to a
magnetic field (Cornier et al. 2011). As fat differs from the other tissue
constituents in proton relaxation time, adipose tissue is easy to identify in the
image slice as, in contrast with other tissues, it shows as a bright area (Abate et
al. 1994). A single cross-sectional slice shows only one area of adipose tissue,
whereas volumetric analysis requires multiple slice scans. Scanning of the entire
abdomen, typically covering from the head of the femoral bone to the top of the
liver (Thomas et al. 2013), produces the most accurate results on IAAT and SAAT
volumes. However, to compromise between cost, including scanning and
analysis time, and accuracy, a single cross-sectional image is often used to
represent the adipose tissue compartments (Shen et al. 2003, Thomas et al. 2013),
or utilized to estimate total volumes of different abdominal fat depots (Abate et
al. 1997). The selection of the intervertebral space level of a single cross-sectional
slice is based on its ability to predict disease risk and IAAT volume. There is no
generally accepted protocol, but the intervertebral space at level L(lumbar)4-L5
has frequently been used (Verheggen et al. 2016). However, accumulating
evidence indicates that a level somewhat above that (e.g. L2-3, L3-L4, L4-L5+4-
10 cm) could better detect IAAT volume and cardiometabolic risk (Abate et al.
1997, Shen et al. 2004, Shen et al. 2007, Demerath et al. 2008, Irlbeck et al. 2010).
Cross-sectional IAAT cut-off values indicating optimal health or increased health
risk have recently been under discussion, but more research with standardized
localization of abdominal scans is needed (Tchernof & Després 2013).

2.2 Defining and quantifying physical activity

Definitions of terms Physical activity, exercise, sports, and physical fitness are
closely related terms that are commonly used in the field of sport and exercise
science. Physical activity is defined as “any bodily movement produced by skeletal
muscles that results in energy expenditure” (Caspersen, Powell & Christenson
1985). Typically physical activity accounts for 15 % to 30% of total daily energy
expenditure (TDEE), while other components are resting metabolic rate (about
60-75%), and the thermic effect of feeding (about 10%). Physical activity is the
most modifiable component of TDEE (McArdle, 2015). Exercise is “a subset of
physical activity that is planned, structured, and repetitive, and has a final or an
intermediate objective, the improvement or maintenance of physical fitness”
(Caspersen, Powell & Christenson 1985). Physical fitness is “the ability to carry out
daily tasks with vigor and alertness, without undue fatigue and with ample
energy to enjoy leisure-time pursuits and to meet unforeseen emergencies”.
Operationalized measurable health-related components of physical fitness are
cardiorespiratory fitness, muscular strength and endurance, body composition,
flexibility and neuromotor fitness (Caspersen, Powell & Christenson 1985).
Furthermore, the term sports can be defined as a subset of exercise, that has a
defined goal, and participants who individually or as a part of team adhere to a
common set of rules or expectations (Khan et al. 2012).
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Physical activity is also categorized into domains according to the context
in which activity is performed, such as occupational, transportation or
commuting, household, and leisure-time or recreational activities. Leisure-time
physical activity (LTPA) includes exercise conditioning or training, sports
participation, and unstructured recreational activities that are performed at the
individual’s discretion. Activities essential for daily living (e.g. household) are
not included in LTPA (Physical Activity Guidelines Advisory Committee 2008).
Routine daily activity has decreased in modern society, and therefore the role of
LTPA in particular in modifying TDEE is emphasized (Borodulin et al. 2008,
Hallal et al. 2012). Given that different domains of physical activity, such as LTPA
and occupational physical activity, are associated differentially with health
outcomes (Holtermann et al. 2018), it is important to provide data of activity
domains.

LTPA covers a range of different activity modes. These may denote specific
activities (termed “sport disciplines” in this dissertation), such as walking,
cycling, dance, or football, or the  physiological and biomechanical
demands/types of the activity such as aerobic, strength training, or balance
training (Strath et al. 2013). Endurance (aerobic) training is rhythmic, involves
dynamic contractions of larger muscle groups for a prolonged period, and mainly
utilizes an aerobic energy-producing system. This type of training enhances
cardiorespiratory fitness. Typical aerobic activities include walking, jogging,
swimming, and cross-country skiing. However, if performed with sufficient
duration and intensity, many sport disciplines, for instance, racquet and ball
games, have elements of aerobic training and can thus enhance cardiorespiratory
fitness. Resistance (strength) training typically involves short bursts of muscular
contractions with different loads, and enhances muscular fitness, that is, skeletal
muscle strength, power, endurance, and mass (ACSM 2006, Physical Activity
Guidelines Advisory Committee 2008, Garber et al. 2011).

Quantity of physical activity The amount (dose) of physical activity, and
hence of energy expenditure is dependent on the frequency, duration, and
intensity of the activity performed. Intensity describes the magnitude of the effort
or rate of energy expenditure needed to perform the activity. Intensity can be
expressed as an absolute value, without considering individual factors, or as a
relative value that takes the individual’s exercise capacity into account (Physical
Activity Guidelines Advisory Committee 2008). Absolute intensity can be
expressed for instance as caloric expenditure (kcal/min), metabolic equivalents
(METs), absolute oxygen uptake (mL/kg), and the speed of the activity (e.g.
jogging at 6 miles per hour) (Physical Activity Guidelines Advisory Committee
2008, Garber et al. 2011). Most observational studies have used the absolute level
of intensity when describing physical activity, whereas relative intensity is
usually utilized in intervention studies (Haskell 2012). Commonly used methods,
which take the individual’s exercise capacity into account, are a percentage of the
individual’s maximum aerobic capacity (% VOazmax) or aerobic capacity reserve
(% VO2R), percentage of the maximum heart rate (%HRmax) or heart rate reserve
(%HRR), percentage of maximum MET (%METmax), and the rating of perceived
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exertion (RPE)(Borg scale 6-20), which expresses the individual’s perception of
how hard she/he is exercising. Relative resistance training intensity is often
represented as a percentage of the one-repetition maximum (%1RM) (Garber et
al. 2011). Examples of definitions of the intensity of aerobic physical activity are
given below (Strath et al. 2013, modified from U.S. Department of Health and
Human Services 1996):

Relative intensity Absolute intensity
VO:zmax or Maximal

Intensity Heart Rate Reserve  Heart Rate RPE Intensity METs
Very light <25% <30% <9 Sedentary 1-1.5
Light 25-44% 30-49% 9-10 Light 1.6-2.9
Moderate 45-59% 50-69% 11-12 Moderate  3-0-5.9
Hard 60-84% 70-89% 13-16 Vigorous  26.0
Very hard >85% >90% >16
Maximal 100% 100% 20

Notes: VO.max, maximal aerobic capacity, RPE, rating of perceived exertion, MET, metabolic
equivalents.

MET indicates the metabolic cost of physical activities as the ratio of the task
metabolic rate to a standard resting metabolic rate. One MET refers to the resting
metabolic rate or the energy cost of person sitting at rest, and is considered
approximately 3.5 mL oxygen consumption per kg of body weight per minute,
or 1.0 kcal per kg of body weight per hour (Ainsworth et al. 2011). The
Compendium of Physical Activities (Ainsworth et al. 2011) is a widely accepted
resource for estimating and classifying the energy cost of adults’ physical
activities based on MET values. It provides MET intensity values for different
types of physical activities, ranging from 0.9 (sleeping) to 23 METs (fast running).
The Compendium resource enables better comparability of study results using
self-reported physical activity, because of the consistency it offers in assigning
intensity levels to physical activities. MET-scores, which are independent of
body weight, can be calculated by multiplying the activity MET value by the
duration of the activity in hours or minutes, and summing the values obtained
for different activities (Ainsworth et al. 2011). In epidemiological studies, the
total volume of physical activity over a given period (typically a day or a week)
is often expressed in MET-hours or MET-minutes. Other commonly used
measures of the volume of physical activity over a given period are kcal, kcal per
kg of body weight, and hours or minutes spent in specific intensity threshold
range (Garber et al. 2011, Strath et al. 2013).

Assessment methods ~ As physical activity is a very multidimensional
behavior, its accurate assessment is challenging and no single gold standard
method exist that can capture all the subcomponents and domains of physical
activity (Lagerros & Lagiou 2007, Warren et al. 2010). The nature of the research
question determines the choice of method, which is typically a compromise
between accuracy and feasibility (Warren et al. 2010). For instance, the desired
components of the activity, the number of individuals to be assessed, the financial
resources available, personnel requirements, and how quickly the results are
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needed all affect selection of the most appropriate method, which should also be
feasible, practical and capable of detecting changes. Assessment methods divide
into subjective and objective measurements. At the population level, subjective
methods are typically used, in which case the individual records the activities
performed (records, logs) or recall previous activities (self-report or interview-
based questionnaires) (Strath et al. 2013). Subjective methods are practical, cost-
effective, and impose only a low burden on the participant, and recalls, in
particular, have low interference with usual habits (Lagerros & Lagiou 2007).
Self-reports typically suffer from recall and response bias (e.g. socially desirable
response, inaccurate memory) (Warren et al. 2010), leading to both under- and
overestimation of true physical activity (Prince et al. 2008). However,
questionnaires can provide data on activity domains, potentially valid estimates
of physical activity volume and intensity on the group level (Warren et al. 2010),
and rank individuals by their activity level (Strath et al. 2013). Perception of
intensity is highly dependent on fitness, age, and gender, and therefore intensity
captured by a questionnaire with response options (e.g. low, moderate, high and
vigorous), might only be comparable for a homogenous sample (Lagerros &
Lagiou 2007). Although many questionnaires have been developed, no one
questionnaire can be recommended for use on all occasions (van Poppel et al.
2010), and self-reports are always culturally dependent (Warren et al. 2010).
Objective methods measure components that indicate physical activity or
energy expenditure in real time (Strath et al. 2013), and can be used to increase
accuracy and precision of the physical activity data, as well as to validate self-
report methods (Warren et al. 2010). Common objective methods include motion
sensors (e.g. accelerometers, pedometers), heart rate monitors, indirect and direct
calorimetry, and doubly labeled water as the gold standard in estimating total
energy expenditure. While latter two are more demanding and expensive
laboratory methods, that typically are hard to apply with larger groups, they are
rather useful for the validation of other methods (Lagerros & Lagiou 2007). With
advances in technology, use of accelerometers in monitoring the frequency,
duration, and intensity of physical activity pattern throughout the day have
rapidly increased. Although accelerometers have enabled a more precise
assessment of physical activity in larger study samples, they are, however,
limited by their inability to provide information on activity type or to capture
certain activities such as swimming, cycling, stair use, or activities that require
lifting a load (Strath et al. 2013). It is worth noting that when interpreting
accelerometer data based on absolute-intensity, low-fit and high-fit individuals
reach the target volume of physical activity differentially, and that when using
relative-intensity, where the individual’s fitness level is taken into account, there
is more similarity across participants in reaching the target volume (Kujala et al.
2017). As objective and subjective methods are not always able to measure the
same aspects of activity, using both methods in combination could be
advantageous (Haskell 2012). Although interest in using objective measures of
physical activity in public health-oriented research has grown rapidly and they
have yielded valuable information, Haskell (Haskell 2012) emphasized the
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importance of bearing in mind that current physical activity guidelines are
mainly based on self-reported physical activity data; the generally held view that
these guidelines are reasonably reliable testifies to the usefulness of self-report
data in physical activity research (Haskell 2012).

2.3 Physical activity and abdominal adiposity

2.3.1 Longitudinal physical activity habits

Constant physical activity level ~Longitudinal cohort studies have shown that
habitual physical activity is related to smaller WC and lower waist gain.
Hankinson et al. (Hankinson et al. 2010) followed 3 554 young adults (age 18-30
y at baseline) for 20 years (CARDIA study), and demonstrated that maintaining
high levels of physical activity in the transition towards middle-age was
associated with a smaller gain in WC (mean gain of 3.1 cm less in men, and 3.8
cm less in women) compared to maintaining only low levels of activity. Notably,
almost 2 000 individuals who were not in the constant activity groups changed
their physical activity pattern during the follow-up. In the Whitehall II cohort
study, 4 880 adults (mean age 49.3 y at baseline) were followed over 10 years in
the three phases (Hamer et al. 2013). Participants were divided into three groups:
those who did not adhere to the physical activity guidelines, and those who
adhered, either mostly through moderate activity, or mostly through vigorous
activity. Meeting the guidelines at baseline was cross-sectionally associated with
smaller WC, but baseline activity level did not predict waist change during the
follow-up. Those who met the physical activity guidelines in every phase, i.e.,
who showed habitual activity, had a smaller WC at follow-up and a lower risk of
central obesity, than those who met the criterion only once or not at all. Regarding
the possible bi-directional nature of the associations, no association between
weight gain and change in activity in the succeeding phase was observed.
Longitudinal twin studies have also reported that habitual physical activity is
related to favorable levels of WC and IAAT. Waller et al. (Waller, Kaprio & Kujala
2008) found that among 42 twin pairs with 30-year discordance in their LTPA
habits (age 18-48 y at baseline), WC was an average 8.4 cm smaller in the active
twins than in the inactive co-twins. In the study by Leskinen et al. (Leskinen,
Sipili et al. 2009), a clear difference in IAAT area (50% greater for the inactive co-
twin) was seen between 16 twin pairs with over 30-year discordance in physical
activity habits. A twin study by Pietildinen et al. (Pietildinen et al. 2008)
underlined the importance of physical activity in the prevention of abdominal
obesity during the transition from adolescence to young adulthood. A low
activity level at ages 16 to 18 y was a significant predictor of abdominal obesity
at age 24.

Change in physical activity level However, constant physical activity may be
insufficient to prevent age-related waist gain, as WC seems to grow with time
despite regular physical activity (Hankinson et al. 2010, May et al. 2010), even
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among vigorous runners (Williams & Wood 2006). Studies that have taken
change in physical activity habits into consideration have highlighted the role of
increased activity in the attenuation of waist gain (Koh-Banerjee et al. 2003,
Sternfeld et al. 2004, Aadahl et al. 2009, Davidson, Tucker & Peterson 2010, May
et al. 2010, Choi et al. 2012, Shibata et al. 2016). In general, changes in physical
activity habits may explain the weak ability of baseline physical activity to
predict the changes in WC at follow-up (Berentzen et al. 2008, May et al. 2010,
Hamer et al. 2013), although in a very large prospective cohort study (EPIC study)
among 288 498 adults from European countries (age 25-79 y at baseline) a high
baseline level of physical activity predicted smaller WC during the 5 year follow-
up independent of body weight (Ekelund et al. 2011).

A recent study among 3 261 Australian adults (age 25-74 y at baseline)
found that an increase in weekly physical activity (1 h of moderate-to-vigorous
activity) from baseline to 5 year follow-up was associated with smaller waist gain
from baseline to 12 year follow-up. On the other hand, a decrease in moderate-
to-vigorous activity was a significant predictor of waist gain (Shibata et al. 2016).
The results of the Doetinchem Cohort Study (May et al. 2010) conducted among
4 944 adults (age 26-66 y at baseline) showed that an increase in daily physical
activity (equal to = 30 min aerobic exercise) from baseline to 5 year follow-up was
inversely related to waist change, but only in men, and that similar inverse trend
was seen in the succeeding 5-year period, providing evidence that physical
activity was a true determinant of WC. Another large-scale study among 16 587
adult US men (age 40-75 y at baseline) revealed that over a 9-year follow-up an
increase of 25 MET-h per week in vigorous physical activity was associated with
a concurrent decrease in WC. The men who increased their weight training by 30
min or more per week showed a decrease in WC. Interestingly, whereas walking
volume was not associated with WC, the men who increased their walking pace
by 1.6 km/h showed a reduction in WC (Koh-Banerjee et al. 2003). Aadahl et al.
(Aadahl et al. 2009) who followed 4 039 Danish adults (age 30-60 y at baseline)
over five years highlighted the importance of increasing physical activity, or of
maintaining a moderate or high level of activity. When compared to those whose
physical activity level increased or consistently followed public health
recommendations, those whose activity decreased showed larger increases in
WC. A few shorter (2 to 3 y) follow-up studies have also shown the benefits of
increasing physical activity level in seeking to attenuate waist gain among
middle-aged women (Sternfeld et al. 2004, Davidson, Tucker & Peterson 2010,
Choi et al. 2012).

While prior studies on changes in physical activity habits have included
adults ranging widely in age, they have seldom focused on early adulthood, a
period when escalation in age-related waist gain already seems to start (Lahti-
Koski et al. 2012, Ladabaum et al. 2014, Albrecht et al. 2015, Jacobsen & Aars 2016).
A study among 5 706 young Finnish adults found that a decline in physical
activity level in the period from adolescence (at age 14 y) into adulthood (at age
31 y) predicted severe abdominal obesity (WC = 88cm) at age 31 among women
(Tammelin, Laitinen & Nayha 2004).
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2.3.2 Physical activity mode

Aerobic and resistance training trials ~ Several reviews and meta-analyses on
exercise training and abdominal adiposity from different perspectives have been
published. These show that intervention studies have typically focused on
traditional aerobic and strength training, and that imaging methods have been
dominant in assessing abdominal adiposity. Participants have mostly been
overweight or obese. In 2006, Kay and Fiatarone Singh (Kay & Fiatarone Singh
2006) reviewed the accumulated evidence of the effect of different exercises on
abdominal adipose tissue. The limited evidence of 19 randomized controlled
trials (RCT) and 8 non-RCTs showed that moderate- to-high-intensity aerobic
exercise (2 60% of HRmax) was beneficial in reducing abdominal fat among
middle-age and older overweight and obese subjects, especially when imaging
methods were used to evaluate abdominal adiposity. When both imaging and
anthropometric methods were used in the same study, WC did not consistently
reflect the changes found in IAAT by imaging methods. In 2007, Ohkawara et al.
(Ohkawara et al. 2007) reviewed studies to find out whether the reduction in
IAAT by aerobic exercise has a dose-response relationship. Unlike earlier reviews,
they converted the amount of aerobic exercise into MET hours per week. The nine
RCTs and 7 non-RCTs included in the review showed that in obese subjects,
when the individuals with metabolic-related disorders were excluded, aerobic
exercise and IAAT reduction had a dose-response relationship. Aerobic exercise
generating at least 10 MET hours per week was required for IAAT reduction,
which may occur even without significant weight loss. In 2012, Ismail et al.
(Ismail et al. 2012) reviewed the literature of independent and synergistic effects
of aerobic exercise and progressive resistance training on IAAT modulation. The
review included 35 RCTs and showed that among overweight and obese
individuals, the aerobic component of exercise was central for IAAT reduction.
An amount of activity equal to the physical activity recommendations (= 150
min/week of moderate intensity) was sufficient for IAAT modification, although
this amount is below the guidelines for the treatment of overweight and obesity.
In 2013, Vissers et al. (Vissers et al. 2013) reviewed 9 RCTs and 6 non-RCTs and
found with that, without caloric restriction, moderate (60-70% of HRmax) or high
intensity (=2 70% of HRmax) aerobic training was needed to reduce IAAT, whereas
combining aerobic training with strength training did not result in a higher
reduction in JAAT among overweight and obese adults. The need for gender-
specific studies were highlighted, as according to the limited evidence, men
tended to benefit more from exercise than women.

Overall, intervention studies have focused on individuals with overweight
or obesity as well as on middle-aged or older people. Among non-obese and/ or
younger adults, the results have been more inconclusive. Thomas et al. (Thomas
et al. 2000) found in their non-controlled trial among non-obese healthy
sedentary premenopausal women (age range 25-45 y), that moderate aerobic
exercise (3 times a week for 6 months) resulted in a decrease in IAAT without
significant change in weight. In contrast, Poehlman et al. (Poehlman et al. 2000)
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observed no reduction in IAAT after an endurance or strength training program
(3 times a week for 6 months) compared to controls in non-obese sedentary
young adult women (age range 18-35 y). In the RCT reported by Donelly et al.
(Donnelly et al. 2003), sedentary overweight or moderately obese young adult
men and women (age range 17-35 y) completed a moderate intensity exercise
program (5 times a week for 16 months). In men, the reduction in IAAT was
significant during the training period, but not significantly different from
controls. In women, the mean area of IAAT seemed to increase in controls, while
remaining stable in the exercise group; the difference, however, was non-
significant.

High intensity interval training trials Over the last decade, growing research
interest has been shown in the health benefits of high-intensity interval training
(HIIT) consisting of short, intermittent bouts of vigorous activity followed by
recovery at low intensity activity or rest. A review by Boutcher in 2011 (Boutcher
2011) concluded that the effect of HIIT is promising for abdominal adipose tissue
reduction, and that the lower training volume required could make HIIT a time-
efficient strategy to accrue adaptations and possible health benefits. A recent
meta-analysis of 13 intervention studies compared the effect of HIIT training and
moderate-intensity continuous training on changes in body composition among
younger (age range 18-45 y) overweight and obese adults (Wewege et al. 2017).
While HIIT (= 85% of HRmax) and traditional aerobic training (60-75% of HRmax),
conducted for 5-16 weeks, had a similar effect on WC (~3 ¢cm reduction), HIIT
required an average 40% less time commitment. To date, a few studies have
directly compared the effect of HIIT and traditional aerobic training on IAAT
using imaging methods. In the study by Zhang et al. (Zhang et al. 2017) young
(age range 18-22 y) overweight women completed a 12-week HIIT (90% of VOamax)
or a moderate-intensity (60% of VO2max) continuous training program (3-4 times
a week). Similar reductions in IAAT were observed while control values
remained unchanged. Heydari et al. (Heydari, Freund & Boutcher 2012) found a
significant reduction in IAAT after 12-week HIIT (80-90% of HRmax) program (20
min, 3 times a week) among young overweight adult men compared to controls.
In the study by Sasaki et al. (Sasaki et al. 2014) neither short-term (4 weeks, 3
times a week) HIIT (at 85% of VOamax) or low-intensity aerobic training (22 min,
at 45%of VOomax) was sufficient to induce changes in IAAT in sedentary normal-
weight men. Overall, HIIT seems to be an effective exercise mode and, if not
consistently superior to continuous aerobic exercise, time-effective alternative.
Interestingly, in the trial reported by Karstoft et al. (Karstoft et al. 2013), free-
living interval walking (3 min repetitions at low and high intensity) and
continuous walking (moderate intensity) were performed over a four-month
period (1-h, 5 times a week) among type 2 diabetic patients, a reduction of IAAT
occurred only in the interval-walking group.

Specific activities (i.e. sport disciplines) Several questions on the optimal
exercise prescription for preventing and treating abdominal fat accumulation
remain open. Although intervention trials have shown the benefits of aerobic
exercise to be superior to those of strength training (Ismail et al. 2012), this has
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not been wholly corroborated by real-life studies. A large study among 10 500 US
men showed a stronger inverse dose-response association of waist change with
weight training than with moderate-to-vigorous aerobic activity (Mekary et al.
2015). However, the most optimal way to attenuate age-associated waist gain
seemed to be a combination of weight training and moderate-to-vigorous aerobic
activity. The study by Koh-Banerjee et al. (Koh-Banerjee et al. 2003) also
demonstrated the benefits of increasing strength training, as an increase in
weight training of 30 min or more in a week was associated with a decrease in
WC among men. A study among overweight women aged 21 to 46 years showed
that training adherence (40min, 2 times a week), whether to aerobic or resistance
exercise, one year after a weight loss intervention prevented regain of IAAT
(Hunter et al. 2010).

In sum, exercise trials have mainly focused on traditional aerobic exercise
and strength training (Ismail et al. 2012), and on HIIT in the form of stationary
cycling or running (Wewege et al. 2017). Observational studies, in turn, have
usually focused on general levels of PA (Hankinson et al. 2010, Hamer et al. 2013)
rather than specific activity modes. Recently, the health benefits of different sport
disciplines have been taken up (Oja et al. 2015, Oja et al. 2016). The studies
reported have mainly focused on specific activities, one at a time, and have found
the strongest, if limited, evidence of benefit to body adiposity for football
(Bangsbo et al. 2015, Oja et al. 2015), running (Oja et al. 2015) and structured
dancing (Fong Yan et al. 2018). Indicators of body fat distribution have seldom
been reported. Knoepfli-Lenzin et al. (Knoepfli-Lenzin et al. 2010) investigated
the effects of football training (consisting, naturally, of HIIT) and continuous
running on the health profile in men aged 25-45 years. After a 12-week training
period (1-h, 2.4 times a week), WC decreased only in the football group, whereas
in the running and control groups it remained almost unchanged. With respect
to the number of activities participated in, a retrospective study by de Silva
Garcez et al. (de Silva Garcez et al. 2015) found that women (age range 18-53 y)
who participated in five or more different physical activities in adolescence were
less likely to be abdominal obese in adulthood when compared to women who
participated at most in one activity. The range of popular sport disciplines is
much wider than that of the activities typically used in intervention trials or
reported in observational studies. Evidence on the health benefit of different
activity modes could be beneficial and bring additional insights of practical value
in health promotion.

2.4 Diet in relation to physical activity and abdominal adiposity

Recently, Verheggen et al. (Verheggen et al. 2016) conducted a meta-analysis of
the effects of hypocaloric diet and exercise on IAAT reduction in overweight and
obese individuals. Based on 117 studies, both caloric restriction and aerobic
exercise training were able to induce IAAT loss. However, IAAT responded
differently to these two methods. In the absence of weight loss, energy-restriction
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resulted in virtually no change in IAAT, whereas exercise training induced a loss
6.1% in IAAT. When body weight was reduced by 5% by the hypocaloric diet,
the reduction in IAAT was 13.3%. However, when a similar amount of weight
reduction was achieved by exercise training, IAAT showed a reduction of 21.3%.

Compelling evidence from on dietary determinants of abdominal obesity is
lacking, but certain factors may have a role in abdominal adipose tissue
modulation. A large cohort study showed no association of waist change with
total energy intake or with energy intake from carbohydrates or fats; instead,
protein intake protected from waist gain (Halkjaer et al. 2006). Other large follow-
up studies found greater waist gain among those who had higher energy density
(Du et al. 2009, Romaguera et al. 2010) and higher glycemic index diets
(Romaguera et al. 2010). It is suggested that fructose may induce the selective
accumulation of fat in the intra-abdominal depot. Stanhope at al. (Stanhope et al.
2009) demonstrated in their trial that consuming fructose-sweetened beverages
increased intra-abdominal fat significantly more than did glucose-sweetened
beverages, although the weight gain in both groups was similar. The intake of
dietary fiber has shown a promising protective association with abdominal fat
accumulation (Koh-Banerjee et al. 2003, Du et al. 2010, Romaguera et al. 2010,
Kaartinen et al. 2016). With respect to food consumption, it seems that a high
intake of fruits and dairy products may have protective role against WC growth
(Halkjaer et al. 2009, Romaguera et al. 2011). In the study by Halkjaer et al
(Halkjaer et al. 2006), carbohydrates from fruit and vegetables were inversely
associated with waist change, while carbohydrates from refined grains, potatoes,
sugary foods were all associated with larger waist gain in women. A similar non-
significant trend was seen in men. The consumption of white or refined bread
has been associated with waist gain in both sexes (Romaguera et al. 2011), and
only in women (Halkjaer et al. 2004). A higher intake of soft drinks, snack foods,
and processed meat has also shown a positive association with WC in the larger
follow-up studies (Halkjaer et al. 2009, Romaguera et al. 2011). Higher alcohol
consumption has predicted a larger WC in women (Halkjaer et al. 2004,
Romaguera et al. 2010) and men (Schroder et al. 2007).

It has been suggested, that overall dietary pattern may have a more
important effect on health than specific nutrients or food items (Hu 2002). The
Mediterranean diet has been demonstrated to have a beneficial effect on
abdominal obesity in observational and clinical studies (Kastorini et al. 2011).
With regards to the Baltic Sea diet consumed in the Nordic countries, Kanerva et
al. (Kanerva et al. 2013), found that subjects who reported a high adherence to
that diet were less likely to be abdominally obese. The role of Nordic cereals (rye,
oats and barley) along with moderate alcohol consumption emerged as most
important components in the association with WC. Overall, although the results
remain limited or inconclusive, it seems that above and beyond proportion of
macronutrients, foods and diet pattern may have a more important role in
abdominal obesity prevention (Fogelholm et al. 2012).

Some earlier studies have suggested that physical activity and healthy
eating pattern may be correlated behaviors. For example, earlier studies have
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found that physical activity is associated with a greater consumption of
vegetables and fruits (Loprinzi 2015, Gillman et al. 2001) and an overall healthier
diet (Charreire et al. 2011, Loprinzi, Smit & Mahoney 2014). Hill et al. (Hill, Wyatt
& Peters 2012) have demonstrated the theory that the body’s energy balance may
be better regulated when energy throughput is high due to physical activity,
whereas in today’s obesogenic environment sedentary individuals are prone to
have a positive energy balance. A recent review by Donnelly et al. (Donnelly et
al. 2014) concluded that increased energy expenditure due to exercise is not
necessarily compensated for by increased energy intake. An earlier twin study
showed that while physically active twin siblings did not have a necessarily
healthier diet than their inactive co-twins, but it seemed to be easier for the active
co-twins to eat according to need and reach and maintain a healthier body
composition (Rintala et al. 2011).

2.5 Twin study design

From the public health perspective, it is important to identify modifiable causes
of adverse health outcomes to be able to put effort into the right prevention and
treatment strategies. Purely observational studies, even in a longitudinal set-up,
can only produce associations between studied outcomes, while establishing
cause-and-effect relationships is highly problematic. Another problem arising in
purely observational studies is selection bias due to genetics. If, because of her or
his genetic predisposition, a person becomes ill, gains weight, or has naturally
low aerobic fitness, the outcome may be inactivity (Kujala 2011). The best-known
study design for determining cause-and-effect is the RCT. However, in exercise
science, very long-term trials are challenging to implement, and on the other
hand, many health-related phenomenon are not testable in intervention studies.
Genetic designs using e.g., Mendelian randomization (Latvala & Ollikainen 2016)
and genetic risk scores, if the specific genetic variants of a specific phenotype are
well known, offer an alternative approach for testing causality. However, designs
of this type are hard to apply in the exercise sciences, as physical activity has a
multifactorial genetic background and as of yet very few robust genetic markers
exist for physical activity (Lightfoot et al. 2018). No common high impact genetic
variants are available that could be tested for causality between physical activity
and adiposity, even though many markers exist for adiposity (Turcot et al. 2018).
The discordant twin study design, however, offers an alternative that, under
conditions in which potential confounding factors of genetics and shared
childhood environment can be controlled for, renders visible the potential causal
relation between physical activity and different health outcomes.

Several twin study designs are available. The best known, the classical twin
design is used to derive estimates of genetic and environmental impacts on
complex trait variation (van Dongen et al. 2012). Heritability refers to the degree
of variation in the trait that arise between individuals in a given population at a
certain time due to heritable differences (van Dongen et al. 2012). Many twin
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studies of the heritabilities of multiple traits have been published (Polderman et
al. 2015). Another design is based on the fact that almost every human condition
is affected by genetic variation. Thus, discordant MZ twins (differing in a specific
phenotype) offer a valuable opportunity to study whether associations reflect
causality or rather are due to confounding genetic and environmental factors.
MZ twins derive from a single fertilized egg cell and share therefore identical
genetic material. DZ twins, in turn, derive from two distinct fertilized egg cells,
and thus on average, as siblings (Philipps 1993), they share half of their
segregating genes (van Dongen et al. 2012). MZ and DZ twin pairs are usually
reared together, and thus they also typically share their family environment to
the same degree. In addition to prenatal environment (Phillips 1993), parenting
style, parental attitudes, family functioning, neighborhood characteristics or
family financial status are examples of shared environmental factors (de Geus et
al. 2014). Therefore, a discordant MZ twin pair study design naturally controls
for several genetic and environmental confounding factors that are shared by the
co-twins (Vitaro, Brendgen & Arseneault 2009). Same-sex DZ pairs are
informative when comparing the pattern of results associated with non-shared
environmental experience with that of MZ pairs. If the MZ twin pairs show
greater similarity than the same-sex DZ pairs concerning the predicted outcome,
a genetic contribution is likely to be present (Phillips 1993, Vitaro, Brendgen &
Arseneault 2009). However, estimations of the importance of genetic effects may
be biased if MZ twins are treated more similarly in childhood than DZ pairs. An
important further assumption in twin studies is that twins are representative of
the general population, and therefore it is important to evaluate if the outcomes
of interest are to a significant degree different those in the general population
(Kyvik 2000). Pregnancy and birth outcomes may be less favorable for twins than
singletons (Kyvik 2000); however, it seems that disease risks are often similar to
those in the general population, indicating the good generalizability of data
drawn from twin studies (Kyvik 2000, Andrew et al. 2001).

Various studies have shown that physical fitness and the ability to achieve
high levels of physical activity have genetic components (Bouchard et al. 1992,
Stubbe et al. 2006, Lightfoot et al. 2018). Recent estimates of the genetic variation
in leisure-time exercise range overall from 27% to 84%, and in the younger
population, from age 16 to 35, between 31% and 42% (de Geus et al. 2014).
Inherited biological characteristics may make it easier for individuals to exercise
and therefore may favor them with lower morbidity and mortality owing to the
interaction between these (Kujala 2011). It is also evident that genetics influence
body fat distribution (Shungin et al. 2015). Twin and family studies have
estimated heritability for WC to range from 48% to 71% (Schousboe et al. 2004,
Mustelin et al. 2009, Mustelin et al. 2011), and for IAAT from 36 % to 56% ( Pérusse
et al. 1996, Hong et al. 1998, Fox et al. 2007). Responsiveness to exercise-induced
abdominal fat reduction may also vary due to genetics (Bouchard et al. 1994).
Interestingly, the effect of genetic factors related to obesity can be positively
modified by physical activity, as influence of the genetic effect on adiposity have
been demonstrated to be reduced by physical activity (Mustelin et al. 2009,
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Kilpeldinen et al. 2011, Reddon et al. 2016). The traits influenced by genetic
variants are often complex, and genetic pleiotropy, where the same genetic
variants may influence several traits (e.g. body composition, fitness, physical
activity, disease risk), has received more attention (Lee et al. 2015, Visscher et al.
2017). The present dissertation utilized twin study designs to tackle the typical
bias arising from the influence of genetics.



3 AIMS OF THE STUDY

The purpose of this dissertation was to investigate how and what type of leisure-
time physical activity is associated with abdominal adiposity in young adulthood
taking into consideration diet and other selected health factors. The unique twin
study designs utilized in this dissertation permitted childhood family
environment and genetic effects to be taken into account.

The research questions were:
1. Is persistence or change in physical activity habits from early adulthood
(24 y) towards adulthood (34 y) associated with waist gain? (Study I)

2. Is the number of sport disciplines and types of activity participated in
associated with waist circumference in early adulthood (34 y), and is
diet quality linked to these associations? (Study II)

3. What specific differences are there in the abdominal fat compartments
of monozygotic co-twins discordant for physical activity in their mid-
30s? Are diet, body mass index, body fat, cardiorespiratory fitness, and
glucose homeostasis linked to these differences? (Studies III and IV)



4 PARTICIPANTS AND METHODS

This dissertation includes data gathered for two different studies: the population-
based FinnTwinl6 cohort study and the clinical FITFATTWIN study. The
FinnTwin16 twin cohort study (Kaprio 2006) investigates the role of genetic and
environmental factors as determinants of different health behaviors, disease risk
factors and chronic diseases. For FinnTwin16, virtually all twins born in 1975~
1979 were identified from the Finnish population register. The follow-up cohort
contains about 5 500 individuals and almost 2 700 twin pairs. The data collection
for this follow-up study started in 1991, and participants were sent the first
questionnaire, including questions related to health, body composition and
physical activity, within two months of their 16t birthday. Later, questionnaires
were mailed when participants were 17 and 18.5 years old. The wave 4
questionnaire was administered during 2000-2002, when the participants were
on average 24.5 years old. The wave 5 questionnaire was administered during
2010-2012, when the participants were an average 34 years old.

The clinical FITFATTWIN study investigated the relationships between
LTPA levels and different cardiometabolic risk factors and neuropsychological
function in younger adulthood. The FITFATTWIN study participants were
initially selected from the FinnTwinl16 cohort based on their physical activity
habits. The final study sample comprised ten young-adult male MZ twin pairs
(mean age 34 y) who had been discordant for physical activity for the previous
three years. The FITFATTWIN clinical study consisted of a series of
comprehensive health measurements and physical activity interviews over two
consecutive days during 2011-2012.
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Study Il and IV: Final study group
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glucose homeostasis

FIGURE 1 Participants and data utilized in the present dissertation.

4.1 Participants of the FinnTwin16 cohort study (Studies I and II)

Study I The 4t and 5th data collections waves of the FinnTwin16 cohort study
were used in Study I. The wave 4 data (so-called baseline) implemented at the
mean age of 24.5 years (range 22-27) were collected using a postal paper
questionnaire. The wave 5 follow-up data were collected at the mean age of 34
years (range 32-37) using a web-based questionnaire. To be able to access the
questionnaire, the study participants were mailed an invitation letter containing
the access code to the Internet survey. The overall cohort response rates were 84.5%
and 71.9% for waves 4 and 5, respectively, with 77.9% of those replying at wave
4 also replying at wave 5.

Altogether 3 866 twin individuals (men 1 578, 46.6%) from five consecutive
birth cohorts (1975-1979) answered both questionnaires (wave 4/baseline and
wave 5/follow-up). The study included all participants who on both occasions
answered the questions related to LTPA, weight and height, and measured their
WC. All the women who had responded in the affirmative to the question asking
if they were pregnant were excluded from this study (n=263). After all exclusions,
the final study group contained 3 383 twin individuals (1 578 men and 1 805
women), including 1109 twin pairs in which both co-twins were participants (393
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MZ, 679 DZ, and 37 with unknown zygosity). Determination of zygosity was
based on accurate and validated questionnaire method (Sarna et al. 1978).

Study II A total of 4 406 twin individuals (men 1 962, 44.5%) responded to
the wave 5 questionnaire at age 32-37 (mean 34.0), yielding a response rate of 71.9%
of all the cohort members alive and resident in Finland (Kaprio 2013). All the
participants who answered the questions related to LTPA, weight and height,
and measured their WC were included in the study. Women who reported being
pregnant at the time of data collection (n=197) were excluded. The final study
group comprised 4 027 twin individuals (1 874 men and 2 153 women), including
1 443 twin pairs (492 MZ, 894 DZ, and 57 with unknown zygosity) in which both
co-twins were participants.

4.2 Participants of the FITFATTWIN clinical study (Studies III
and IV)

Seventeen young adult male MZ twin pairs potentially discordant for physical
activity were recruited for the FITFATTWIN study. Among these, 10 pairs were
determined to be discordant for LTPA during the past 3 years. The selection
procedure is described in detail below.

The participants for the FITFATTWIN study were initially selected from the
most recent data collection of the FinnTwin16 cohort study (wave 5) when the
twins were aged 32-37 (mean 34.0) (see details above). A total of 4 183 twin
individuals (1 880 men) had responded to the latest web-based questionnaire at
the time of initial selection. The responders included 202 male MZ pairs with data
on physical activity from both co-twins. The selection of the twin pairs for the
FITFATTWIN study was based on data gathered by a telephone interview, face-
to-face interview, and a medical examination at the laboratory, in addition to the
web-based questionnaire.

Initially, all the MZ male twin pairs were selected from the FinnTwinl6
cohort (wave 5) and their physical activity level was estimated based on answers
to questions about LTPA. Potential participants for the FITFATTWIN study were
then identified by screening and including the pairs with the highest discordance
in LTPA (Figure 2). Specifically, the difference in physical activity between the
co-twins of a twin pair was assessed based on frequency of LTPA as follows: the
so-called active co-twin of the twin pair was physically active >2 times per week,
whereas the so-called inactive co-twin of the same pair was physically active <2
times per month (inclusion criterion 1 in Figure 2). If this criterion was not met,
the physically active co-twin needed to participate in LTPA 22 times per week at
an intensity equivalent to easy or brisk running while the LTPA of the inactive
co-twin needed to be less intense and less frequent or of shorter duration, and
neither frequency nor duration could be more than that of his active co-twin
(inclusion criterion 2 in Figure 2). Because chronic diseases can restrict the ability
to be physically active, twins with specific chronic diseases were excluded.
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Furthermore, twins reporting heavy use of alcohol or use of medication for a
chronic disease were excluded.

Of the 202 MZ male pairs from the FinnTwin16 Cohort, 26 pairs fulfilled
inclusion criterion 1, and 13 pairs fulfilled inclusion criterion 2. All of these pairs
(n = 39) were interviewed by telephone. The interview included questions on
current health and physical activity habits during the past 3 years similar to those
asked in previous studies (Kujala et al. 1998). Of these 39 pairs, 19 pairs were
excluded from the FITFATTWIN study for the following reasons: unwillingness
to take part in the study, having specific acute diseases that affected the ability to
be physically active, failure to attend the telephone interview, or recent major
changes in physical activity levels (Figure 2). Finally, 17 MZ male pairs (10 pairs
meeting inclusion criterion 1 and 7 pairs meeting inclusion criterion 2) accepted
the invitation to participate in the study and underwent comprehensive clinical
study measurements and detailed physical activity interviews.

Final criteria for selection of physical activity discordant twin pairs. After the
FITFATTWIN physical activity interviews (see details below), 10 of these 17 pairs
were classified as discordant for LTPA (Figure 2). These 10 pairs met the
following five criteria set for maximal LTPA discordance.

1) Inclusion based on criterion 1 or 2, above.

2) A pairwise difference of 21.5 MET-h/d between the active and inactive
co-twin in LTPA (including commuting activity), determined from the
12-month physical activity interview (12-mo-LTMET index; see below)
(Lakka & Salonen 1997, Waller, Kaprio & Kujala 2008).

3) 12-mo-LTMET index of <56 MET-h/d for the inactive co-twin.

4) 21 MET-h/d pairwise difference between the active and inactive co-
twins in LTPA (including commuting activity) for the past 3 years,
determined from the shorter physical activity interview (3-y-LTMET
index; see below) (Kujala et al. 1998, Waller, Kaprio & Kujala 2008,
Leskinen, Waller et al. 2009).

5) A higher Baecke sport index for the active versus inactive co-twin
(Baecke, Burema & Frijters 1982).
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MZ male twin pairs (N=202 pairs)
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v e

Classified as physical activity discordant
pairs (fulfilled 5 final discordance criteria)
(n=10 pairs)

Classified as other pairs
(n=7 pairs)

FIGURE 2 Flow chart of the participants in the FITFATTWIN study.

Notes: For selection criteria 1 and 2 and the five final criteria for the activity-
discordant pairs, see Methods-section.
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4.3 Measurements in FinnTwin16 cohort study

The FinnTwin16 survey included a wide range of questions related to health,
body composition and LTPA.

4.3.1 Leisure-time physical activity

The assessment of LTPA was based on a series of questions covering LTPA and
commuting activity. These questions were identical at waves 4 and 5. The
questionnaire included following three structured questions on LTPA and one
structured question on commuting activity.

How often do you exercise/engage in physical activity during your leisure time?

~

1) notatall (coded as 0 times per month; coding not included in the questionnaire)
2) less than once a month (0.5)
3) 1-2 times a month (1.5)
4) once a week (4)
5) 2-3 times a week (10)
6) 4-5 times a week (18)
)

about every day (26)

Is your physical activity during leisure time about as tiring on average as
1) walking (coded as 4METs/h)
2) alternatively walking and jogging (6METs/h)
3) jogging (light run) (10METs/h)
4) running (13METs/h)

How long does one session of physical activity last on average?
1) less than 30 min (coded as 15 min)
2) from 30 min to less than one hour (45 min)
3) from one hour to under two hours (90 min)
4) two hours or more (150 min)

How much of your daily journey to work/study is spent walking, cycling, running, cross-
country skiing and/ or rollerblading?
1) less than 15 min (coded as 7 min)
) from 15 min to less than half an hour (22 min)
) from half an hour to less than one hour (45 min)
) one hour or more (75 min)

= W N

LTPA volume was quantified to form a leisure-time MET index. Leisure-time
physical activities were calculated as average frequency (per month) x duration
(min) x intensity (MET), and commuting activity as frequency (five times per
week) x duration (min) x intensity of 4 METs (corresponding to walking). Total
LTPA volume was expressed as the sum score of MET hours per day (MET index),
as described earlier (Kujala et al. 1998), with modifications to account for the
slightly different response alternatives corresponding questions in the present
questionnaires. This shorter MET index has shown a high intra-class correlation
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with a MET index based on detailed 12-month physical activity recall (0.68,
P<0.001 for LTPA, and 0.93, P<0.001 for commuting activity) (Waller, Kaprio &
Kujala 2008).

Persistence or change in LTPA (Study I) habits was evaluated by dividing
participants into sex-specific thirds, using tertiles computed from the LTPA MET
index at baseline and follow-up. The participants in the first tertile were
categorized as inactive, in the second as moderately active, and in the third as
active. Persistence or change in LTPA habits was based on whether the
participant remained in the same category throughout the follow-up or changed
to another category (nine groups in total).

To further confirm the role of decreased or increased LTPA in waist gain,
all same-sex (MZ and DZ) twin pairs and MZ twin pairs in which one co-twin
was more active than the co-twin were identified as follows: 1) decreased activity
(any change from a higher to a lower tertile) vs. increased activity (any change
from a lower to a higher tertile); 2) persistently inactive vs. changed from inactive
to moderately active or active; and 3) the persistently active vs. changed from
active to moderately active or inactive. The same re-categorizing was also done
at the individual level.

The twin individuals also answered a multiple-choice question about what
kind of leisure-time physical activities/exercises/sports disciplines they
participated in (Study II). The original formulation of this question in Finnish
covers both competitive and recreational sports and exercises, and thus, in the
present study the term sport discipline refers to both kinds. Twenty-six common
sport disciplines and an open field option were given as response alternatives;
multiple alternatives could be reported. Each sport discipline was coded
separately for the analysis (total of 76 including open-field responses). We then
calculated the number of sport disciplines participated in, and classified the twin
individuals into four groups: 1) none; 2) 1-2; 3) 3-4; and 4) 5 or more sport
disciplines. To further confirm the within-in pair associations among the
discordant twin pairs, we identified all the same-sex twin pairs (MZ and DZ) in
which one twin reported five or more sport disciplines and his/her co-twin at
most 2 disciplines.

Which of the following of leisure-time physical activities/exercises/sports disciplines do you
participate in? (you can choose more than one)

1 Walking/Nordic walking 11 Floorball 21 Golf

2 Jogging/running 12 Football 22 Downhill skiing/snowboarding
3 Bicycling 13 Ice-hockey 23 Horse riding

4 Cross-country skiing 14 Rinkball 24 Orienteering

5 Swimming/water running 15 Volleyball 25 Rowing/canoeing

6 Skating/rollerblading 16 Basketball 26 Martial art

7 Gym training 17 Finnish baseball 27 Other?, if so, what?

8 Aerobics 18 Badminton

9 Gymnastics 19 Squash

10 Dance 20 Tennis
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Next, the sport disciplines were divided into four groups based on what fitness
parameters are principally enhanced by participation in that activity (modified
from Sarna et al. 1993 and Aarnio et al. 2002). The “aerobic” -group comprised
sport disciplines that mainly improve aerobic fitness, the “power” -group those
that mainly improve muscle strength, the “mixed” -group those that improve
both aerobic fitness and muscle strength, and the group “other” those that mainly
improve something else, e.g., skills/techniques with a low or unclear cardio-
respiratory or muscular loading intensity. The twin individuals were then re-
classified into eight groups, covering all the possible combinations of
participation in aerobic, power, and mixed activities, or no participation in any
sport disciplines in the aerobic, power or mixed groups (see Table 8).

4.3.2 Waist circumference

Self-measurement of WC was done using a tape measure supplied for the
purpose at both data collections; in wave 5, it was included in the mailed
invitation letter that contained the access code to the Internet survey. The
instructions, including an illustration, for measuring WC were included in the
questionnaire (Figure 3).

WC was measured while standing, at either the narrowest part of the waist,
or if that was not found, at the midpoint between the lowest part of the ribs and
the top of the hip bone. Self-reported and measured WC showed a high intra-
class correlation in FinnTwin16 participants at wave 4 (r=0.75, mean difference
248 cm 95% CI 0.96 to 3.00, n=566) (Mustelin et al. 2009), and in older twins
(r=0.97, P<0.001, n=24) (Waller, Kaprio & Kujala 2008). A change in WC (Study I)
was calculated as the difference between follow-up (wave 5) and baseline (wave
4) values.

FIGURE 3 ustration showing where to measure waist circumference.
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4.3.3 Dietary quality score

A dietary quality score based on nutrition recommendations was constructed
from responses to 11 food-frequency questions and two questions on bread
consumption (Study II). Selecting from five response options ranging from “not
at all” to “many times a day”, participants estimated how often daily, over the
past 12 months, they had usually eaten the following food items: 1) fruit and
berries, 2) vegetables, 3) fish, 4) whole grains (with examples), 5) fast food (with
examples), 6) fat-free or reduced-fat milk, sour milk, or yoghurt, 7) sugar-
sweetened soft drinks or juices, 8) energy drinks, 9) butter, 10) margarine, and 11)
vegetable oil. Margarine and vegetable oil were combined into one category. In
addition, participants were asked how many slices of dark and white bread they
usually consume per day; examples of both types of bread were given. For each
of the 12 food categories, one point was given if the dietary recommendation was
met, resulting in a score that ranged from 0 to 12, with a higher score indicating
better dietary quality and an overall healthier diet. The cut-offs for each of the 12
dietary guidelines were derived from the most recent Nordic (Nordic Council of
Ministers 2014) and Finnish nutrition recommendations (National Nutrition
Council 2014). In testing for validity, a positive correlation between the dietary
quality score and nutrients assessed by 4-day food diaries was found for 20 male
twin individuals, including fibre (r=0.46, P=0.04) and minerals (e.g. r=0.65 for
energy-adjusted magnesium, P=0.002).

434 Other confounding factors

Multiple potential confounders were addressed in the self-reported survey data.
BMI was calculated from self-reported height and weight (waves 4 and 5)
(Mustelin et al. 2009). Age and the number of children (wave 5) were used as
continuous variables. Occupational physical activity (wave 5) was assessed with
a question about how strenuous work or studies are physically (see classification
in Table 2). The question was slightly modified from Kujala et al. (Kujala, Kaprio
& Koskenvuo 2002). Educational level was defined as the highest level reached
(wave 5). This question about completed education was re-categorized as follows:
1) primary and compulsory education (nine years), 2) secondary vocational and
academic (up to 12 years), 3) tertiary education (>12 years, i.e. university and
polytechnic) (Latvala et al. 2011) . Chronic diseases were reported as having/not
having a chronic disease or handicap interfering with one’s daily activities
(Aarnio, Kujala & Kaprio 1997). Alcohol use at follow-up was assessed by asking
the participant to state the frequency of drinking any alcohol (Aarnio, Kujala &
Kaprio 1997); responses were grouped into five categories (see Table 2). Smoking
status was defined as 1) current smoker, 2) occasional smoker, 3) quitter, 4) never
smoked, according to a structured question on current smoking habits (Aarnio,
Kujala & Kaprio 1997).
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4.4 Measurements in FITFATTWIN clinical study

In the FITFATTWIN study, a series of comprehensive clinical measurements
were conducted over two consecutive days (Table 1). All of the main body
composition outcome measurements (MRI, DEXA) were carried out blind to
physical activity status. Because aim was to investigate long-term adaptations to
exercise, all participants were requested not to exercise vigorously (except for
walking and performing other daily chores) during the 2 days before the
measurements. The measurements are described in more detail below.

TABLE 1 Timetable of the two-day laboratory measurements in the FITFATTWIN
study.

Before Structured instructions for the study measurements
Four-day food diary, food-frequency questionnaire, questionnaire on eating
habits
Three-day heart rate monitoring

Day 1

12:00 pm Standardized interview to assess smoking habits, use of alcohol and dietary
habits
Questionnaires on physical activity habits, exercise motivation, work-related
stress, and sleeping habits

1:00 pm Resting electrocardiography and blood pressure

1:20 pm Standardized clinical medical examination including current medications

2:00 pm Maximal bicycle ergometer exercise test with direct gas analysis
(spiroergometry)

7:00 pm MRI of brain, abdomen, and thigh

10:00 pm Beginning of overnight fast

Day 2

7:00 am Anthropometric measurement (height, weight, waist and hip circumference)
and assessment of body composition using bioelectrical impedance and DEXA

7:30 am Basal metabolic rate monitoring and blood pressure

8:00 am Fasting serum, plasma, and whole blood samples

8:00-10:00 am  Oral glucose tolerance test
Standardized physical activity history interview

10:50 am Vertical jump, maximal isometric left knee extensor strength, and left and right
hand grip strength measurements

13:15 pm Neuropsychological tests to study cognitive functions, depression and

dexterity
Electroencephalography
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441 Leisure-time physical activity.

Two structured physical activity interviews were used to assess the volume of
participants” LTPA, including commuting activity.

The first, a shorter retrospective physical activity interview (Kujala et al.
1998, Waller, Kaprio & Kujala 2008, Leskinen, Waller et al. 2009), was used to
assess LTPA volume at one-year intervals over the past 6 years. Structured
questions, similar to those used in the FinnTwinl16 survey, on average monthly
frequency of activity, average intensity of activity, and duration of one session of
activity were asked (see questions in Chapter 4.3.1.). Commuting activity was
assessed with a structured question on the average time spent during one day on
commuting. LTPA volume was then calculated as average frequency (per month)
x duration (min) x intensity (MET), and commuting activity volume as frequency
(five times per week) x duration (min) x intensity (4 METs). Total LTPA volume
was expressed as the sum -score of MET hours per day (MET index). A mean
leisure-time MET index during the past 3 years (3-y-LTMET index as MET-h/d)
was calculated and used as one of the criterion variables for pairwise comparison
of LTPA discordance (see above, discordance criterion 4).

The second, a more detailed, structured interview, used to determine the
volume of leisure-time activities, daily (non-exercise) activities, and work
journey activity over the previous 12 months, employed a modified version of
the Kuopio Ischemic Heart Disease Risk Factor Study Questionnaire (Lakka &
Salonen 1997, Waller, Kaprio & Kujala 2008). Here, ‘modified version” refers to
the updated list of activities included in the questionnaire. This questionnaire
contained a 20-item list of different types of physical activities, including leisure-
time (e.g., running, skiing, and swimming), daily (e.g., gardening, berry-picking,
do-it-yourself activities), and commuting activity (walking or cycling) along with
“other” physical activities specified by the responder. Each twin brother reported
the monthly frequency of each physical activity session over the previous 12
months. Each twin brother also reported the average intensity of his activity
sessions on a scale from 1 to 4: 1 = recreational, outdoor activities that do not
cause breathlessness or sweating; 2 = conditioning exercise that induces
breathlessness but not sweating; 3 = brisk conditioning exercise that induces
breathlessness and sometimes sweating; and 4 = competitive, strenuous exercise
that induces breathlessness and extensive sweating. Each self-rated physical
activity intensity was converted into MET values (Ainsworth et al. 2000, Lakka
& Salonen 1997, Ainsworth et al. 2011). To calculate the overall dose of activity
(MET x average duration x frequency, MET-h/d), the average duration per
exercise session was also reported for each activity. The overall dose of LTPA
during the past 12 months (12-mo-LTMET index as MET-h/d) was calculated by
summing the values for leisure-time and commuting activity, excluding daily
activities, and used in the identification of discordant pairs (see above, criteria 2
and 3). The most common types of LTPA reported were jogging and walking,.

The 16-item Baecke Questionnaire was also used to assess recent vigorous
physical activity (Baecke, Burema & Frijters 1982). The three indexes (work, sport,
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and leisure-time excluding sports) were summed as proposed in the original
paper, and the sport index was used as the measure of vigorous physical activity
(Mustelin et al. 2012).

4.4.2 Physical fitness

Cardiorespiratory fitness was measured by a maximal exercise test with gas
exchange analysis (spiroergometry), using an electrically braked bicycle
ergometer. Gas exchange, including oxygen uptake, was measured breath-by-
breath with a Vmax spiroergometer (Sensormedics, Yorba Linda, CA, USA). The
work load started at 25 W and was increased stepwise by 25 W every 2 min until
exhaustion, or until maximal exercise capacity was reached, using a rate of
perceived exertion of 19-20/20 on the Borg Scale, or a gas exchange ratio
(VCO2/VO») of over 1.1 as the criterion. Maximal oxygen uptake was determined
as the mean value of the two highest consecutive VO values recorded during
periods of 30 s. Electrocardiogram recordings were performed with the
participant at rest and monitored during exercise and recovery. Blood pressure
was measured at rest and during exercise and recovery at 2-min intervals.

Maximal isometric left knee extensor force was measured in a sitting
position using an adjustable dynamometer chair (Good Strength, Metitur,
Palokka, Finland) (Sipild et al. 1996). Briefly, the left knee was set at an angle of
60° from full extension. Overall, four maximal efforts separated by a 30-s pause
were performed. The best performance with the highest value was accepted as
the participant’s score. In our laboratory, the coefficients of variation between
two consecutive measurements have been 6%.

44.3 Anthropometrics and body composition.

Weight and height were measured, with the participant in bare feet and light
clothing, to the nearest 100 g and 0.5 cm, respectively. WC was measured when
the participant was standing arms at the side and clear of the abdominal region.
A stretch-resistant tape measure was placed around the body parallel to the floor
and located midway between the spina iliaca superior and the margin of the
lower rib. The measurement was taken at end of a normal expiration (WHO 2008).
Hip circumference was measured at the level of the greater trochanters. Both
circumferences were measured to the nearest 0.5 cm, and the mean of the three
measurements was calculated. Whole body composition was determined after an
overnight fast using dual-energy X-ray absorptiometry (DEXA Prodigy; GE
Lunar Corp., Madison, WI USA).

44.4 Magnetic resonance imaging of the abdomen

T1-weighted MRI axial scans were acquired using a Siemens 1.5 T whole body
MR scanner (Siemens Symphony, Siemens Medical Systems, Erlangen, Germany).
The parameters were as follows: matrix size 512x384, field of view 1418x680,
repetition time (TR) 80 ms, and echotime (TE) 2.20 ms. The protocol involved
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axial images with a 10-mm slice thickness at 13-mm intervals covering the whole
abdominal area with the subject in a supine position.

Areas of SAAT and IAAT were segmented from a single transaxial slice at
the level of the L2-L3 intervertebral disc using Slice-o-matic software
(http:/ /www.tomovision.com/products/sliceomatic.html). Segmentation was
performed blind to physical activity status. IAAT was subdivided into
intraperitoneal and retroperitoneal fat areas using anatomical landmarks, such
as the ascending and descending colon, aorta and inferior vena cava, and kidneys
(Baumgartner et al. 1988, Abate et al. 1994). A separating line was manually
drawn from the aorta to the ascending and descending colon; fat in front of this
line was intraperitoneal fat and the fat compartment behind the line
retroperitoneal fat (Figure 4). The masses of the different abdominal adipose
tissue compartments were predicted from the measured adipose tissue areas at
the L2-L3 level using formulae adapted from Abate et al. (Abate et al. 1997).

FIGURE 4 An illustrative example of a MRI slice of the abdomen at the level of L2-L3.
Notes: IAAT, intra-abdominal adipose tissue; SAAT, subcutaneous abdominal
adipose tissue

4.4.5 Blood samples

Ten-hour fasting blood samples were collected by venipuncture after 10 min of
supine rest. Plasma glucose was determined using a Konelab 20 XT (Thermo
Fisher Scientific, Vantaa, Finland) and serum insulin with an IMMULITE® 1000
Analyzer (Siemens Medical Solution Diagnostics, Los Angeles, CA, USA). A
homeostatic model assessment (HOMA) index was calculated using the
following formula: (Fasting plasma glucose x Fasting plasma insulin)/22.5
(Muniyappa et al. 2008). After drawing the fasting blood samples, an oral glucose
tolerance test (OGTT) was performed with a glucose load of 75 g (GlucosePro,
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Comed LLC, Tampere, Finland) and blood samples taken at 30 min, 1 h, and 2 h.
Plasma glucose and insulin were determined from the samples, as described
above. The Matsuda index (Matsuda & DeFronzo 1999) (insulin sensitivity index)
was calculated according to the web-based calculator at

http:/ /mmatsuda.diabetes-smc.jp/MIndex.html.

4.4.6 Nutrient intake

Food intake was assessed with a 4-day food diary over three consecutive week
days and one weekend day. The food diary and detailed instructions, including
an example of how to record food consumption, were mailed to the study
participants before the clinical examinations. Participants were asked to record
in detail all the foods and drinks they consumed using ordinary household
measures, and to include the time and place of the meal, cooking method, and
type and brands of foods and drinks. The completed food diary was personally
returned during attendance at the clinical examination, and checked by a
researcher and corrections and additions made as needed.

Nutrient intake was calculated from the food diary data using AivoDiet
2.0.1.2 -software (Aivo Ltd., Turku, Finland). The consumed amounts of foods
and drinks were coded into the software by a nutritionist. The nutritional
calculations in the software are based on the Fineli® Finnish Food Composition
Database (National Institute for Health and Welfare, Nutrition Unit, Helsinki,
Finland). Nutrient intake was calculated as the mean intake of the 4 days as
grams per day and percentage of energy (E%) and adjusted by energy (g/M)J).
Use of vitamin or mineral supplements was not included in the calculations.

4.5 Ethics of the study

The studies were conducted according to the guidelines laid down in the
Declaration of Helsinki. The ethics committee of the Central Finland Health Care
District approved the FinnTwin16 study plan April 24, 2010 (Dnro 5e/2010), and
the FITFATTWIN study protocol was approved March 22, 2011 (Dnro 4U/2011).
The FinnTwinl6 study participants gave their informed consent when
responding to the survey, and the FITFATTWIN participants gave their written
informed consent prior to the clinical study measurements.

4.6 Statistical methods

Data were analyzed using Stata 12.0 (Stata Corp., College Station, TX, USA) and
SPSS Statistics 19.0, 20.0, and 22.0 (IBM Corp., Armonk, NY, USA). In all analyses,
the level of significance was set at P < 0.05. Individual-based analyses were
performed separately for men and women. The clustering of observations in twin
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pairs was accounted for in all analyses. Descriptive analyses were based on twin
study design-corrected chi-squared test statistics (Rao & Scott, 1984) for
categorical variables, and design-corrected mean comparisons from linear
models (Korn & Graubard, 1999) for continuous variables. The mean values or
regression coefficients, and their ninety-five percent confidence intervals (95%
ClIs) were calculated for the main outcomes. The main analyses were carried out
first independently and then adjusted for single or multiple potential
confounders. In the discordant co-twin analysis, the Shapiro-Wilk test was used
to test the normality of the variables. Two-sided paired sample ¢ test was used
for normally distributed data to study differences between the physical activity
discordant co-twins, and the Wilcoxon matched-pair signed-rank test was used
for non-normally distributed data. Ninety-five percent confidence intervals (95%
ClIs) were calculated for the absolute mean differences between the discordant
co-twins.

Study I The differences in participant characteristics between the LTPA
categories (inactive, moderately active, active) were analyzed as described above.
The F-test (analysis of variance) was used to compare differences between nine
different LTPA groups (persistently inactive vs. other groups) in the mean values
of waist gain during follow-up among. Also in these analyses, the design
corrected mean comparisons were used. In addition, pairwise analyses
comparing the co-twins discordant for persistence or change in physical activity
habits were carried out.

Study II The differences in participant characteristics between the categories
of the number of sport disciplines participated in (none, 1-2, 3-4, over 5 sport
disciplines) were analyzed as described above. In addition, multiple testing was
controlled for by using False Discovery Rate correction on the raw p-values. The
mean values or/and regression coefficients, and their 95% confidence intervals
for WC in each sport discipline, by number of sport disciplines and type of
activity participated in were estimated by design corrected linear regression
model. Further, the pairwise comparisons between the co-twins discordant for
the number of sport disciplines participated in were performed.

Studies III and 1V The main analysis were carried out by pairwise
comparisons between the inactive and active co-twins in each twin pair.
Additionally, in Study III, Generalized Estimating Equations analysis was used
to see whether, in addition to physical activity, dietary habits have an
independent effect on IAAT. Individual-based correlations between intra-
abdominal fat and the markers of glucose homeostasis were estimated with
Pearson’s correlation coefficient, and the significance of the association was
tested using a linear regression model in which the within-pair dependency of
twin individuals was taken into account (Williams 2000).



5 RESULTS

5.1 FinnTwin16 cohort study

5.1.1 Participants characteristics

Study I The characteristics of the 3 383 twin individuals stratified by LTPA level
(inactive, moderately active, active) and sex at baseline (mean age 24.5 y) and
follow-up (mean age 34 y) are shown in Table 2. WC differed significantly among
the activity groups both at baseline and follow-up. During over an almost 10-
year follow-up (mean 9.5 y, SD 0.7), mean WC increased by 7.0 cm (SD 8.1) in
men and 6.1 cm (SD 8.2) in women. In men, body weight and BMI did not differ
between the activity groups at baseline, but at follow-up the inactive had greater
body weight, and BMI was higher in the less active groups. Active women had a
lower mean body weight and BMI both at baseline and follow-up. The active and
moderately active men were more highly educated and had a physically lighter
occupational load. In women, those not working or studying were more often
inactive. Participants who had children were less often physically active.
Participants with chronic diseases were distributed equally across all leisure-time
groups, except that inactive men had chronic diseases more often than the others
at follow-up. The highest prevalence of current smoking or daily alcohol use was
shown in the less active.

Study II The characteristics of 4 027 twin individuals stratified by gender
and the number of sport disciplines participated in (no sport, 1-2, 3-4, 5 or more
sport disciplines) at the mean age of 34 y are presented in Table 3. LTPA volume
increased with the number of sport disciplines participated in. Participation in
the greater number of sport disciplines was associated with a healthier diet.
Weight and BMI were lower among persons who participated in several sport
disciplines. They also had a physically lighter occupational load, and were more
highly educated. Among women, those who participated in several sport
disciplines less often reported having children. Women who did not participate
in sports, or men who did not participate in sports or participated in only 1-2
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sport disciplines slightly more often reported having a chronic disease. Current
smoking showed the highest prevalence in those who did not participate in any
sports.
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TABLE 3 Characteristics of the participants by gender and number of sport
disciplines participated in.
Number of sport disciplines
A) None B) 1-2 C) 34 D) 5 or more
Men, N=1874 n=105 n=733 n=595 n=441
LTPA-volume (MET-h/d) 1.1+148CD 3.5+£3.3ACP 52+4.24A8D 6.7 £4.6 ABC
Age (y) 342414 339412 340+13 34013
Weight (kg) 86.1+16.70 83.7+14.7D0 833+132D 81.1+10.9 ABC
Height (cm) 178.4+6.8 179.0+6.7 0 179.6 £ 6.6 180.2+6.6 8
BMI (kg/m?) 27.0+£4.8¢DP 26.0+£390P 258 £3.6 AP 249 £2.8 ABC
Dietary quality» (SD) 61+18BCD  68421ACD  75+22ABD  81+19ABC
Occupational physical P for trend
activity, % (n)
Sedentary 26 % (27) 39.4% (288) 49.6% (295)  57.1% (252) <0.001
Standing or walkingat ~ 15.4% (16) 18.9% (138) 23.0% (137)  17.5% (77)
work
Light manual work 29.8% (31) 22.4% (164) 14.8% (88) 16.6% (73)
Heavy manual work 21.2% (22) 13.8% (101) 8.7% (52) 6.6% (29)
Not working or 7.7% (8) 55% (40) 3.9% (23) 23% (10)
studying
Educational level, % (n)
Primary 6.7% (7) 45% (33) 25% (15) 1.6% (7) <0.001
Secondary 71.4% (75) 58.5% (428) 449% (267)  39.2% (173)
Tertiary 21.9% (23) 37% (271) 526% (313)  59.2% (261)
Children, % (n)
Yes 61.0% (64) 55.1% (403) 544% (323)  54.8% (241) 0.672
Chronic diseases, % (n)
Yes 22.9% (24) 18.2% (133) 15.0% (89) 10.3% (45) <0.001
Smoking status, % (n)
Current (daily) smoker 44.8% (47) 26.7% (196) 17.3% (103) 10.0% (44) <0.001
Occasional smoker 7.6% (8) 12.1% (89) 13.3% (79) 11.6% (51)
Quitters 19.0% (20) 23.6% (173) 24.4% (145)  21.1% (93)
Never smoked 28.6% (30) 37.5% (275) 449% (267)  57.4% (253)
Alcohol use, % (n)
Daily 10.5% (11) 6.6% (48) 42% (25) 2.9% (13) 0122

1-2 times a week

1-2 times a month

Less than once a month
Never

Women, N=2153
LTPA-volume (MET-h/d)
Age ()

Weight (kg)
Height (cm)
BMI (kg/m?)
Dietary quality?

54.3% (57)
20.0% (21)
8.6% (9)
6.7% (7)

n=84
1.0+1.2BCD
339+ 1.3
70.7+17.4P
166.0 +5.8
25.7+£6.0CP
6.8 £2.08CD

57.2% (419)
20.5% (150)
10.0% (73)
5.7% (42)

n=771
3.0+3.24€D
34.0+13
67.0+14.2D
165.6 £ 6.0
244+50P
7.8 £2.0ACD

59.0% (351)
22.7% (135)
8.2% (49)
5.9% (35)

n=805

4.4 +3.8A8BD
34.0+13
65.9+12.7D
165.8 £5.7
24.0+4.4AP
8.4+21ABD

62.1% (274)
20.4% (90)
9.5% (49)
5.0% (22)

n=493
71+£5.0ABC
339+12
63.9+ 9.7 ABC
166.4 +5.6
23.1+£3.3 ABC
9.0+£1.8ABC

(continues)
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TABLE 3 (continues)
(Occupational physical P for trend
activity PA, % (n)
Sedentary 35.7% (30) 32.2% (248) 40.3% (324) 47.6% (234) <0.001
Standing or walking at 16.7% (14) 19.1% (147) 20.3% (163) 25.8% (127)
work
Light manual work 25.0% (21) 25.9% (200) 23.0% (185) 18.5% (91)
Heavy manual work 1.2% (1) 3.1% (24) 2.2% (18) 0.8% (4)
Not working or 21.4% (18) 19.7% (152) 14.1% (113) 7.3% (36)
studying
Educational level, % (n)
Primary 8.3% (7) 3.2% (25) 1.9% (15) 1.0% (5) <0.001
Secondary 50.0% (42) 48.1% (371) 39.9% (321) 30.6% (151)
Tertiary 41.7% (35) 48.6% (375) 58.3% (469) 68.4% (337)
Children, % (n)
Yes 67.9% (57) 68.4% (527) 62.4% (502) 56.6% (279) <0.001
Chronic diseases, % (n)
Yes 27.4% (23) 16.1% (124) 16.8% (135) 14.8% (73) 0.041
Smoking status, % (n)
Current (daily) smoker — 32.1% (27) 21.4% (165) 14.9% (120) 7.7% (38) <0.001
Occasional smoker 8.3% (7) 8.6% (66) 8.1% (65) 10.1% (50)
Quitters 19.0% (16) 21.7% (167) 20.8% (168) 20.3% (100)
Never smoked 40.5% (34) 48.4% (373) 56.1% (451) 61.9% (305)
Alcohol use, % (n)
Daily 4.8% (4) 1.4% (11) 1.2% (10) 0.6% (3) <0.001
1-2 times a week 34.5% (29) 36.6% (282) 43.0% (346) 41.8% (206)
1-2 times a month 27.4% (23) 29.6% (228) 28.4% (229) 33.9% (167)
Less than once a month  23.8% (20) 26.0% (200) 22.0% (177) 15.0% (74)
Never 9.5% (8) 6.4% (49) 5.3% (43) 8.7% (43)

Notes: Data are mean + SD

LTPA, leisure-time physical activity; MET, metabolic equivalent; BMI, body mass index; SD,
standard deviation.

Superscripts ABCD indicate statistically significant differences (P-value <0.05) between groups
differing by the number of sport disciplines participated in.

a Dietary quality score 0-12 points

5.1.2 Persistence or change in physical activity and waist gain

Study I During the almost 10-year follow-up period, WC increased in both sexes
in all the LTPA groups (persistence or change) (mean waist gain from 3.7 to 9.7
cm by group). When comparing the waist gain of the persistently inactive group
to all the other groups (Figure 5, Appendix 1), the persistently active men or men
whose activity increased during the follow-up showed less waist gain than the
persistently inactive men (P<0.05). Men, whose activity decreased or who
remained only moderately active showed waist gain resemble that associated
with being persistently inactive. Among women, those who remained at least
moderately active or whose activity increased during the follow-up, showed less
waist gain than those who were persistently inactive (P<0.01). Women, whose
activity level decreased during the follow-up showed similar waist gain to those
who remained persistently inactive. Further, the highest mean waist gain in both
men and women occurred in those who changed from active to inactive during
the follow-up. Adjusting for potential confounders, such as age, baseline WC and
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BMI, occupational physical activity, educational level, number of children,
chronic diseases, smoking status and alcohol use, did not change the results
substantially (Appendix 1).

12
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Persistently From From From  Persistently From From From  Ppersistently
inactive /moderately activeto activeto moderate inactiveto inactive moderately active
activeto  inactive moderately active moderately toactive active
inactive active active to active
FIGURE 5 Persistence and change in LTPA and waist gain (cm, mean and 95%CI)

during follow-up.
Notes: Significant differences are coded (persistently inactive as reference
group): " P<0.05, t P<0.01, ¥ P<0.001.

In the second individual-based analysis (Figure 6a), the participants whose LTPA
decreased during the follow-up showed significantly greater waist gain (mean
increase: men 8.4 cm; 95% CI 7.6 to 9.2, women 7.5 cm; 95% CI 6.7 to 8.2) than
those whose activity increased (men 4.8 cm; 95% CI 3.9 to 5.6, women 4.3 cm; 95%
CI 3.6 to 5.0). The persistently inactive participants showed more waist gain (men
8.1 cm; 95% CI 6.9 to 9.2, women 8.4 cm; 95% CI 7.1 to 9.6) than those, who were
inactive at baseline but whose activity increased during the follow-up (men 5.2
cm; 95% CI 4.0 to 6.4, women 4.7 cm; 95% CI 3.7 to 5.6). The persistently active
respondents showed less waist gain (men 6.3 cm; 95% CI 5.6 to 7.1, women 4.7
cm; 95%CI 3.9 to 5.5) than those who were active at baseline but whose activity
decreased during the follow-up (men 8.5 cm; 95% CI 7.6 to 9.4, women 7.7 cm;
95% CI16.7 to 8.7).
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FIGURE 6 Differences in waist gain (cm, mean and 95%CI) during follow-up A. Sex-

specific differences among individuals taking into account clustered
observation of twin pairs. B. Pairwise difference among same-sex twin
pairs discordant for LTPA. C. Pairwise differences among MZ twin pairs
discordant for LTPA.

Notes: decreased activity: changed from a higher tertile to a lower one;
increased activity: changed from a lower tertile to a higher one.
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Among all the same-sex discordant twin pairs, the twins whose physical activity
decreased during the follow-up gained an average 2.8 cm more WC than their
co-twins whose physical activity increased (P=0.009); among MZ twin pairs, the
difference was 4.2 cm (P=0.008) (illustrated in Figure 6b and 6c, numeric values
in Table 4). These pairwise differences remained statistically significant when
each waist measure was divided by the corresponding BMI value (P=0.027 for all
pairs, 0.027 for MZ pairs).

When comparing the persistently inactive twins to their co-twins who were
inactive at baseline but whose activity increased during follow-up, the
persistently inactive gained an average 4.7 cm and 4.0 cm more waist among all
same-sex pairs (P=0.007) and MZ pairs (P=0.10), respectively. The difference in
waist gain between those who were persistently active and those who were active
at baseline but whose activity decreased during the follow-up was significant
only among all same-sex twin pairs (2.9 cm, P=0.02), but not among only MZ
twin pairs.
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5.1.3 Sport disciplines, types of activity, and waist circumference

Study II Among the Finnish twin individuals of both sexes at the mean age of 34
years, walking, cycling and jogging were the most popular aerobic activities,
while among men floorball and among women aerobics were the most popular
mixed sports (Table 5). Table 5 also shows the mean WC values by sport
discipline. Those not participating in any sport discipline had the largest WC
means, while the individual sport disciplines showed a large degree of variation
in mean WC values.
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TABLE 6 Number of sport disciplines participated in and waist circumference.
Number of Men, N=1874 Women, N=2153
sport n (%) WC (cm), n (%) WC (cm),
disciplines? mean (95% CI) mean (95% CI)
1)0 105 (5.6)  96.8 (93.9 t0 99.7) 84 (3.9) 84.6 (81.3 to 87.9)
2) 1-2 733 (39.1)  93.6 (92.7 to 94.4) 771 (35.8) 82.4 (81.5 to 83.4)
3) 3-4 595 (31.8)  92.0 (91.1t0 92.9) 805 (37.4) 80.5 (79.6 to 81.3)
4) 5ormore 441 (23.5) 89.6 (88.7 to 90.4) 493 (22.9) 77.5 (76.7 to 78.3)

Notes: WC, waist circumference; CI, confidence interval.
aIncludes all sport disciplines (also seasonal sports) that the person reported participating in.

Participation in a higher number of sport disciplines was associated with a
smaller WC in both sexes (Table 6). The linear decrease per each additional sport
discipline was 1.38 cm (95% CI1.10 to 1.65). The results did not materially change
when adjusted for LTPA volume (linear decrease 1.04 cm, 95% CI 0.75 to 1.33),
diet quality (0.95cm, 95% CI 0.68 to 1.23), or multiple potential confounders (1.10
cm, 95%CI 0.83 to 1.38).

Among all the discordant twin pairs, the men and women who participated
in five or more sport disciplines had WC 3.3 cm (95% CI 0.3 to 6.3) and 5.2 cm
(95% CI 1.6 to 8.9), respectively, smaller than that of their co-twins who
participated in only 1-2 or no sport disciplines (Table 7). Among the DZ pairs,
the difference was greater: 4.8 cm (95% CI1 0.4 to 9.1) in men, and 11.2 cm (95% CI
4.4 to 18.0) in women. Significant within-pair differences were also seen in BMI
and diet quality in women, but not in men. No differences were detected in WC,
BMI or diet quality among the 43 discordant MZ pairs.
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After re-classifying the twins into eight groups for possible combinations of
participation (or no participation) in aerobic, power, and mixed activities (Table
8), in men, all three types of activities were individually associated with smaller
WC in comparison to those who did not participated in these activity types (Table
9). In women, participation in power and/or mixed activities, regardless of
participation in aerobic activities, was related to smaller WC. Adjusting for LTPA
volume, diet quality, and multiple potential confounders did not substantially
alter the results (Table 9).

TABLE 8 Participation in different types of activities and waist circumference
Men, N=1874 Women, N=2153

Sport type WC (cm), WC (cm),

Aerobic Power Mixed n (%) mean (95% CI) n (%) mean (95% CI)
- - - 116 (6.2)  96.5(93.7t099.2) 113 (5.2)  83.0(80.2 to 85.8)
+ - - 508 (27.1) 941 (93.0t095.3) 976 (45.3)  82.1 (81.3 to 82.9)
- + - 46 (2.5) 93.4(90.9t095.9) 18 (0.8) 77.9 (73.2 to 82.5)
- - + 112 (6.0) 928 (91.0t0 94.5) 29 (1.3) 78.5 (75.5 to 81.5)
+ + - 282 (15.0) 91.2(89.9t092.4) 290 (13.5) 79.0 (77.7 t0 80.2)
+ - + 441 (235) 91.1(90.1t0921) 412 (19.1)  80.0 (79.0 to 81.0)
- + + 36 (1.9) 92.6 (89.8t095.4) 11 (0.5) 81.5 (75.3 to 87.8)
+ + + 333 (17.8)  90.4 (89.4t091.4) 304 (14.1) 77.8(76.7 to 78.9)

Notes: WC, waist circumference; CI, confidence interval.

Aerobic: sport disciplines mainly improving aerobic fitness; Power: sport disciplines mainly
improving muscle strength; Mixed: sport disciplines mainly improving both aerobic fitness and
muscle strength.

- No participation in a sport discipline classified in that group

+ Participation in at least one sport discipline classified in that group
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TABLE 9 Linear model of types of activity significantly predicting waist
circumference (men N=1 874, women N=2 153).
Waist circumference
(cm), P
B (95%CI)
Model 1
Men
Aerobic -2.07 (-3.49 to -0.66) 0.004
Power -2.98 (-4.51 to -1.45) <0.001
Mixed -3.16 (-4.53 to -1.79) <0.001
Power x Mixed 2.36 (0.38 to 4.34) 0.020
Women
Power -2.72 (-3.76 to -1.67) <0.001
Mixed -1.84 (-2.82 to -0.87) <0.001
Model 2
Men
Aerobic -1.71 (-3.11 to -0.32) 0.016
Power -1.81 (-3.34 to -0.28) 0.021
Mixed -2.32 (-3.69 to -0.95) 0.001
Power x Mixed 2.16 (0.19 to 4.13) 0.031
Women
Power -1.48 (-2.59 to -0.37) 0.009
Mixed -0.95 (-1.93 to -0.33) 0.060
Model 3
Men
Aerobic -1.63 (-3.04 to -0.22) 0.023
Power -2.42 (-3.91 to -0.92) 0.002
Mixed -2.97 (-4.32 to -1.61) <0.001
Power x Mixed 2.19 (0.24 to 4.14) 0.027
Women
Power -2.39 (-3.43 to -1.35) <0.001
Mixed -1.63 (-2.60 to -0.66) 0.001
Model 4
Men
Aerobic -1.43 (-2.86 to 0.01) 0.051
Power -2.64 (-4.20 to -1.09) 0.001
Mixed -2.81 (-4.19 to -1.44) <0.001
Power x Mixed 2.27 (0.29 to 4.25) 0.025
Women
Power -2.50 (-3.55 to -1.45) <0.001
Mixed -1.37 (-2.34 to -0.40) 0.006

Notes: CI, confidence interval

Aerobic: sport disciplines mainly improving aerobic fitness; Power: sport disciplines mainly
improving muscle strength; Mixed: sport disciplines mainly improving both aerobic fitness and
muscle strength.

Model 1: No covariates in the model. Model 2: Adjusted for leisure-time physical activity volume.
Model 3: Adjusted for dietary quality. Model 4: Multiple adjustment for age, occupational
physical activity, educational level, number of children, chronic diseases, alcohol use, smoking
status.
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5.2 FITFATTWIN clinical study of activity-discordant twins

5.2.1 Physical activity level, fitness, body composition, and glucose
homeostasis

The tree indexes characterizing LTPA level, i.e., the past 3-y-LTMET index, the
12-mo-LTMET index, and Baecke sport index, differed between the male MZ co-
twins discordant for physical activity (Table 10). Neither occupational physical
loading nor daily activity differed between the more and less active co-twins.
According to retrospective interviews on physical activity over the 1-6 years prior
to the outcome measurements, there was a pairwise difference in LTPA during
past three years (3-y-LTMET index) but no difference was seen 4-6 years prior to
the examinations (see Appendix 2). Among these activity-discordant pairs, no
pairwise difference was found in LTPA according to the questionnaire data
collected on the cohort at the mean age of 24.5 years, nor based on questionnaire
data from ages 16 to 18.5 years during their late adolescence (Appendix 2).
Consequently, the present study investigated the effects of physical activity
differences during the 3-year period before the outcome measurements.

As expected, the active brother had higher cardiorespiratory fitness (P <
0.01) than his inactive co-twin. Leg extension force did not differ between the co-
twins (Table 10).

While the co-twins did not have difference in body weight (P = 0.38) or BMI
(P = 0.28), the inactive twin brothers had a higher percentage of body fat (P =
0.029) and tended to have higher (~21%, P= 0.059) body fat mass than their active
co-twins. The pairwise differences in WC (P = 0.099), and body lean mass (P =
0.094) did not reach statistical significance. A small intrapair difference was
found in waist-to-hip ratio (P = 0.027).

With respect to the markers of glucose homeostasis, the Matsuda index was
higher (P = 0.021) and the HOMA index lower (P = 0.031) among the active than
inactive co-twins, indicating better insulin sensitivity /lower insulin resistance
among the more active individuals.



67

TABLE 10 Characteristics of the male monozygotic twin pairs discordant for LTPA.
Characteristic Inactive Active Mean intrapair p
(N =10) (N =10) difference
(95% CI)
Age (y) 34 (range 32-36)
Leisure-time physical activity
3-y-LTMET index (MET-h/d) 1.7+13 50+27 3.3 (1.9 to 4.8) 0.001
12-mo-LTMET index (MET-h/d) 1.2+0.9 39+1.2 2.8 (2.0 to 3.5) <0.001
Baecke sport index 22+04 31+04 0.9 (0.4 to 1.3) 0.005
Physical fitness
VO2max (ml/kg/min)b 373+35 43.6+42 6.3 (4.1t08.5) <0.001
VOomax (ml/kg of lean 524+53 581+49 57 (2.8t08.6) 0.001
mass/min) b
VO2max (L/min) P 29+04 3303 0.4 (0.2t0 0.5) 0.002
Leg extension force (N) 591+146 619+114 28 (-43 to 98) 0.65
Body composition
Body height (cm) 179.1+52 179.8+54 0.7 (-0.5t01.8) 0.21
Body weight (kg) 778+127 75885 -2.0(-6.9t02.9) 0.38
Body mass index (kg/m?) 242+33 234+17 -0.8(-2.31t00.8) 0.28
Waist circumference (cm) 88.6+82 853%6.2 -33(-74t00.8) 0.099
Waist-to-hip ratio 0.91+£0.05 0.89+0.04 -0.02(-0.004 to-0.003) 0.027
Fat percent (%)c 240+46 207+40 -3.3(-6.2t0-0.4) 0.029
Fat mass (kg)c 192+6.6 16.0+45 -3.3(-6.7t00.2) 0.059
Lean mass (kg)© 555+61 56.9+48 1.4 (-0.3t03.0) 0.094
Glucose homeostasis
Fasting plasma glucose 53+04 52+0.3 -0.01 (-0.2 to 0.2) 0.92
(mmol/L)
Fasting plasma insulin (uU) 45+17 32+26 -1.3 (2.6 to -0.1) 0.042
Matsuda index 8.6+£22 21.7+181 13.1 (-0.6 to 26.9) 0.021
HOMA index 1.1+05 08+07 -0.3 (-0.6 to -0.03) 0.031

Notes: Data are mean * SD.

LTPA, leisure-time physical activity; CI, confidence interval; LTMET, leisure-time metabolic
equivalent; SD, standard deviation; HOMA, homeostatic model assessment.

2 Physical activity during leisure-time and commuting activity.

bn=9 pairs; one active twin did not participate, and for one inactive twin maximal oxygen uptake
was extrapolated based on his sub-maximal test.

¢Dual-energy X-ray absorptiometry (DEXA Prodigy; GE Lunar Corp., Madison, WI, USA).

5.2.2 Abdominal adipose tissue compartments

According to the MRI-based prediction of abdominal adipose tissue masses, the
inactive co-twins had an average 31% (mean difference 0.52 kg, 95% CI 0.12 to
0.91, P=0.016) more IAAT than their active twin brothers (Table 11), whereas the
intrapair difference in SAAT was 13% (P=0.21). Further analysis indicated that
intraperitoneal adipose tissue mass was an average 41% (mean difference 0.41
kg, 95% CI 0.11 to 0.70, P=0.012) higher among the inactive co-twins than their



68

active twin brothers, whereas the intrapair difference for retroperitoneal adipose
tissue was 16% (P=0.10).

TABLE 11 Differences in abdominal adipose tissue masses between male MZ twin
pairs discordant for LTPA.

Abdominal adipose tissue? Inactive Active Mean intrapair P
(N=10) (N=10) difference
(95% CI)

SAAT mass (kg) 265070 235x0.68 -0.30(-0.81 to 0.21) 0.21
IAAT mass (kg) 221+£074 1.69+0.64 -0.52(-0.91 to-0.12) 0.016

Intraperitoneal adipose 141+£052 1.00£043 -0.41 (-0.70 to -0.11) 0.012
tissue mass (kg)

Retroperitoneal adipose 0.80+£0.23 0.69+0.23  -0.11 (-0.25 to 0.03) 0.10

tissue mass (kg)

Notes: Data are mean + SD.

LTPA, leisure-time physical activity; CI, confidence interval; SAAT, subcutaneous abdominal
adipose tissue; IAAT, intra-abdominal adipose tissue.

a Predicted from single transaxial MRI slice at the L2-L3 level according to Abate et al. (Abate et
al. 1997)

In individual-based correlations, IAAT was inversely associated with
cardiorespiratory fitness expressed as VOamax ml/kg/min (r=-0.494, P=0.03).
IAAT also strongly correlated with markers of glucose homeostasis: fasting
glucose (r=0.675, P=0.001), fasting insulin (r=0.516, P=0.02) and the HOMA index
(r=0.579, P=0.008).

Figure 7 presents an illustrative example of a MRI slice at the level L2-L3
for one activity-discordant twin pair. Further, Figure 8 illustrates the individual
paired data and means for IAAT, LTPA level and energy intake of the 10 activity-
discordant twin pairs.
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Inactive co-twin Active co-twin

FIGURE 7 Illustrative example of intra-abdominal fat accumulation in a young adult
male MZ twin pair discordant for LTPA over the past 3 years.
Notes: The active co-twin was physically active daily in leisure-time at an
intensity level of brisk walking or jogging, whereas his inactive co-twin was
physically active a few times a week with low intensity walking. The co-twins
were in the same occupation. In this illustrative example, the less active twin
had 72% more IAAT and 132% more intraperitoneal fat (above the drawn
separation line) than his more active co-twin. The difference in retroperitoneal
fat was 14% (behind the drawn separation line), and in SAAT 12%.
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for difference in intra-abdominal adipose tissue mass, 12 month and 3-
year LTPA habits, and energy intake.
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5.2.3 Nutrient intake

Differences in nutrient intake between co-twins are presented in Table 12.
According to the 4-day food diaries, nutrient intake did not differ between the
inactive and active co-twins. The mean energy intake for the inactive was 9.4
M]/d (2254 kcal/d) and for the active co-twins 10.1 MJ/d (2401 kcal/d) (P=0.32).
In general, the co-twins’ diet seemed to be rather high in protein (inactive 19.7
E% vs. active 20.6 E%) and fat (inactive 34.7 E% vs. active 34.1 E%), low in
carbohydrate (inactive 41.2 E% vs. active 43.2 E%), and especially low in dietary
fiber (inactive 14.6 g/d vs. active 17.7 g/d) based on current Nordic nutrition
recommendations (Nordic Council of Ministers 2014).

Additionally, Generalized Estimating Equations analysis revealed that
energy intake, based on 4-day food diaries, did not have an independent effect
(B=0.000, SE 0.0002, P=0.19) on the difference in the amount of IAAT between
physical activity discordant pairs. For the other common nutrients, the results
seemed to be similar.

TABLE 12 Differences in nutrient intake between male MZ twin pairs discordant
for LTPA.
Nutrient Inactive Active Mean intrapair p
(N=10) (N=10) difference
(95% CI)

Energy MJ/d 9417 101+1.7 0.6 (-0.7 to 1.9) 032
kcal/d  2254+407 2401+404 146 (-165 to 458)

Energy per body weight  kJ/kg 123 £27 133 £22 9.9 (-8.6 to 28.5) 096
kcal/kg 29.5+6.4 31.9+53 24 (-2.1t0 6.8)

Protein g/d 108 +22 122 +26 13 (-4 to 31) 0.12
E% 19.7+3.4 20.6£2.8 0.9 (-2.0 t0 3.8) 0.52

Fat g/d 859+17.7 91.8+274  59(-146t0263) 053
E% 347+47 341+52 -0.7 (-6.4 to 5.0) 0.79

Saturated fat g/d 33.7+£6.7 346+135 09(-86t0105) 0.83
E% 13.7£2.0 128 £3.6 -0.8 (4.2 to 2.5) 0.59

Monounsaturated fat g/d 29.6 £6.0 31.3+9.1 1.7 (-5.5t0 9.0) 0.60
E% 120+1.7 11.6+1.6 -04(22t01.5) 0.67

Polyunsaturated fat g/d 13.6+3.8 13.7 £4.9 0.1(-4.0to4.2) 0.94
E% 55+1.1 52+13 -0.3 (-1.3 to 0.6) 0.45

Carbohydrate g/d 228 +42 252 +29 23 (-19 to 66) 0.24
E% 412+44 432+6.1 2.0 (-2.5 to 6.6) 0.34

Sucrose g/d 51.7£292 593+231 7.6(-147t030.0) 046
E% 95+52 10.7 £5.7 1.2 (-24t0 4.8) 0.48

Alcohol g/d 131£215 39%59 -9.2 (-26.0 to 7.6) 0.25
E% 3.6+57 1.1+16 -2.5 (6.9 t0 2.0) 0.24

Dietary fiber g/d 14.6 £3.5 17.7+£5.2 3.1 (-0.8 to 6.9) 0.10

g/M] 16+04 1.8+05 0.2 (-0.1t0 0.5) 0.18

Notes: Data are mean + SD.
LTPA, leisure-time physical activity; CI, confidence interval; E%, percentage of energy, SD,
standard deviation.



6 DISCUSSION

This dissertation utilized twin study designs to investigate whether persistence
or change in LTPA level, and participation in different modes of physical activity,
are associated with WC in young adulthood. A further aim was to investigate
specific differences in abdominal fat compartments between physical activity-
discordant male MZ twin pairs in their mid-30s, and whether other selected
health-related factors are associated with this when childhood environment and
genes are controlled for.

Among the young adult cohort members, an increase in LTPA level (shift
from a lower to a higher tertile) or remaining active was associated with lower
waist gain over the almost 10-year follow-up period. Any decrease in LTPA
during the follow-up, regardless of the starting category, led to waist gain
resembling that of the persistently inactive participants. The cross-sectional
results showed that in the mid-30s, the number of sport disciplines participated
in was inversely associated with WC, also after adjustment for LTPA volume and
diet quality. A similar association was also seen in the twin pair analysis among
all twin pairs discordant for the number of sport disciplines engaged in, but not
among the MZ-only twin pairs. Additionally, each of the three types of activities,
aerobic, power, and mixed, was individually associated with smaller WC in men,
while, only mixed and power activities were associated with smaller WC in
women. In the clinical co-twin control study, the MZ twin brothers with a clear
difference in their LTPA habits over the past three years, showed a significant
difference in cardiorespiratory fitness. Nutrient intake did not differ between the
co-twins. In the absence of an overall difference (~3%) in BMI, the less active co-
twins tended to have more body fat (~21%), and had an average 31% more IAAT,
and 41% more intraperitoneal adipose tissue compared to their genetically
identical but more active brothers. Pairwise differences in the markers of insulin
sensitivity and insulin resistance were also seen.
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6.1 Persistence or change in physical activity and waist gain

WC increased in both sexes, including in the most active groups, during the
almost 10-year follow-up. Earlier studies have reported rather similar age-related
mean WC growth during follow-up among young adults (Hankinson et al. 2010)
as well as among middle-aged and older populations (Koh-Banerjee et al. 2003,
May et al. 2010), and even among vigorous runners (Williams & Wood 2006).
Age-related waist and weight gain, even among the highly physically active, may
be linked to known decrease in basal metabolic rate during the aging process (St-
Onge & Gallagher 2010) in combination with living in a modern sedentary
obesogenic environment that may promote overconsumption of food and
thereby challenge energy balance (Chaput, Klingenberg et al. 2011). In particular,
the results of this dissertation stress the associations between changes in physical
activity habits and waist gain. This is in accordance with previously observed
associations (Koh-Banerjee et al. 2003, Aadahl et al. 2009, May et al. 2010, Shibata
et al. 2016), highlighting on the one hand the importance of increasing the activity
level to attenuate age-related waist gain and on the other hand, the risk of for
greater waist gain if the activity level is decreased. However, prior studies have
not focused on early adulthood, a period when waist gain seem to be already
increasingly common (Lahti-Koski et al. 2012, Ladabaum et al. 2014, Albrecht et
al. 2015, Jacobsen & Aars 2016) and many life-events influencing physical activity
habits occur (Engberg et al. 2012), making young adulthood an important period
from the obesity epidemic viewpoint. The present findings showed, importantly,
that decreasing physical activity irrespective of the baseline activity level was
related to increased waist gain. This may have implications for the results of
studies which have only looked at the predictive value of baseline physical
activity on follow-up waist or obesity. In the present study, 52% of men and 57%
of women changed their LTPA habits. This may explain why baseline physical
activity may not always reflect the changes in WC at follow-up (Berentzen et al.
2008, May et al. 2010, Hamer et al. 2013).

The results of the present study did not substantially change after adjusting
the relation of physical activity change to waist gain for potential confounders
such as baseline WC and BMI, occupational physical activity, educational level,
number of children, chronic diseases, smoking status or alcohol use. However,
dietary habits, which could potentially attenuate the associations found, were not
controlled for in this study. In addition, other confounders may potentially affect
both traits. For instance, shortened sleep duration has been shown to be related
both decreased physical activity level (Schmid et al. 2009) and increased
abdominal obesity (Chaput, Bouchard & Tremblay 2014).

Pairwise analysis among all the same-sex and MZ twin pairs confirmed the
importance of increasing LTPA and the risk of decreasing activity for waist gain
also when taking genetic background and childhood environment into account.
It should be remembered that in typical epidemiological studies the causality
between physical activity and adiposity is not testable, and that the possibility of
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reverse causation exists (Bauman et al. 2012). For instance, as weight increases,
physical activity may become more difficult and less pleasurable, resulting in
lower levels of activity. In the present study, the analysis among activity-
discordant MZ twins may reflect causality as the co-twins did not have difference
in their BMI or WC at baseline, factors that could potentially lead to inactivity.
An earlier study by Pietildinen et al. (Pietildinen et al. 2008) with three follow-up
points found, in support of this, that among young co-twins discordant for BMI
at the mean age of 24 years, the difference in physical activity preceded the
difference in BMI. On the other hand, their study also showed, that physical
activity remained very low once obesity was established, suggesting a vicious
circle between physical inactivity and obesity.

6.2 Sport disciplines, types of activity, and waist circumference

Intervention studies have reported that aerobic exercise of at least moderate
intensity is superior to strength training in reducing abdominal adiposity (Ismail
et al. 2012). In the present observational study, participation in aerobic activities
alone showed weaker associations with WC than exercise behaviors that
included engagement in power and/or mixed activities (e.g. ball games). A
recent cohort study showed stronger benefits from strength training than from
aerobic exercise on WC growth (Mekary et al. 2015), as well another study
reported that training adherence, whether to aerobic or resistance exercise, one
year after a weight loss intervention prevented regain of IAAT (Hunter et al.
2010). The inconsistency in the findings between habitual self-selected PA and
intervention trials may be explained by the limited ability of individuals with
excess weight to achieve a sufficient intensity and volume of aerobic exercise
outside of the trial (Westerterp 1999, Catenacci & Wyatt 2007). With respect to
the activity-type categories of the present study, 38% and 44% of the men and
women participating only in aerobic activities reported that in general the
average intensity level of their PA was as strenuous as walking (i.e. the lowest
intensity level). Therefore, aerobic exercises performed at a low level of intensity
may explain why participation in aerobic activities alone was not as beneficial in
the present free-living population as might be assumed based on the results of
intervention trials. In addition to the fact that higher training intensity indicates
higher energy expenditure, it may cause higher post-exercise energy expenditure
and fat oxidation (Warren et al. 2009), effects that have also been suggested for
strength training (Kirk et al. 2009), although the energy expenditure during
strength training may remain relatively low. Interestingly, in the free-living trial
by Karstoft et al. (Karstoft et al. 2013), interval walking was found to be effective
for intra-abdominal fat reduction whereas the decrease did not occur in the
continuous walking group. Of note, Drenowatz et al. (Drenowatz, Grieve &
DeMello 2015) demonstrated in their study that compensatory reduction in non-
exercise physical activity (i.e. activities of daily living) may occur in response to
aerobic exercise, whereas resistance exercise appeared to increase these activities.
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This may also, to some extent, explain the findings with regards resistance
training and WC.

Previous studies of sport disciplines and health have mainly focused on
specific sport disciplines one at a time, and it seems that the evidence of health
benefits have mostly accumulated for football (Bangsbo et al. 2015, Oja et al. 2015),
running (Oja et al. 2015), and dancing (Fong Yan et al. 2017). In the present study,
the smallest mean WC was found in the men who participated in gymnastics,
orienteering, basketball, and jogging/running, and the women who participated
in yoga, golf, skating/rollerblading, and jogging/running. The men and women
who did not participate in any sport discipline had the largest WC, followed by
those who participated in walking, swimming, and volleyball. Overall, mean WC
values varied widely within the individual sport disciplines, rendering inter-
comparisons of individual sport discipline challenging. It should be noted, when
interpreting the results, that some of the sport disciplines included in this study
are highly seasonable (e.g. cross-country skiing), and that the frequency or
duration of the participation in each sport discipline were not recorded. It should
also be remembered that the associations found in this study may be bi-
directional: participation in certain sport disciplines and activity types may
impact on body composition, or it may be that a certain body composition
facilitates participation in specific activities. It can be assumed, for example, that
so-called low-threshold exercises, such as walking, which are easy to perform
without specific equipment or skills, travel to a specific sport venue, or
participation fees, may be favored by occasionally active persons. Similarly,
walking, cycling and swimming are among the easier exercises most likely to be
adopted by persons with excess weight or low physical fitness. There might also
be specific activities that are typically characterized by high commitment, and
thus indicate a longer activity history.

The number of sports disciplines participated in was inversely associated
with WC. Although the number of sport disciplines correlated with the volume
of physical activity (Table 3), the association between WC and the number of
sport disciplines persisted after adjusting for the overall volume of physical
activity. In addition, adjusting for diet quality, and multiple potential
confounders such as for age, occupational physical activity, educational level,
number of children, chronic diseases, alcohol use, and smoking status did not
materially change the results. The analysis of all the activity-discordant twin
pairs confirmed the inverse relationship between the number of sport disciplines
participated in and WC, and, as twins are usually reared together, enabled the
results to be controlled for various confounding childhood experiences. In line
with the present findings, Garcez et al. (de Silva Garcez et al. 2015) showed that
women who had participated in five or more different physical activities in
adolescence were less likely to be abdominally obese in adulthood. The benefits
of diverse physical activity participation may be manifold. From the exercise
adherence perspective, Borodulin et al. (Borodulin et al. 2012) found that
participation in many types of physical activities in young adulthood was
associated with lesser inactivity in adulthood. Another study among adolescents
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showed that participation in several different sports and exercises may protect
from harmful effects of single-risk sport, such as musculoskeletal problems
(Auvinen et al. 2008).

6.3 Physical activity level, abdominal fat compartments, and
other selected health indicators

As expected, LTPA was associated with increased cardiorespiratory fitness in the
present clinical co-twin control study, indicating causality between physical
activity level and fitness. Similar associations were not found for maximum
muscular strength or power, possibly because the participants usually reported
participation in aerobic exercises. The finding of increased cardiorespiratory
fitness among physically active individuals over the long term is significant as
low cardiorespiratory fitness is a strong predictor of different cardiometabolic
risks and mortality (Kodama et al. 2009, Grundy et al. 2012).

For body composition, the results of the present co-twin control study
accord with those of the previous research on older twin pairs highly discordant
for physical activity over a long period of time. Leskinen et al. (Leskinen, Sipild
et al. 2009) found that the inactive co-twins had only slightly higher body weight
but markedly higher body fat percent than their twin siblings. The present results
demonstrated a similar pattern in abdominal fat distribution, as Leskinen et al.
(Leskinen, Sipild et al. 2009) reported earlier among highly discordant older
twins; the inactive had clearly more IAAT than the active co-twin, although the
difference in body weight was only minor. In addition, the within-pair difference
in WC did not reach statistical significance, although IAAT assessed with an
imaging method showed a clear difference. As found in the earlier exercise trials,
WC did not consistently reflect the changes IAAT when both measures were
present (Kay & Fiatarone Singh 2006).

Earlier intervention studies have indicated a beneficial role of aerobic
exercise training in reducing IAAT, even in the absence of weight loss or without
caloric restriction (Ross et al. 2000, Vissers et al. 2013, Verheggen et al. 2016).
Studies have usually focused on obese or overweight individuals and middle-
aged or older people. However, the results among non-obese or younger adults
are more inconclusive (Poehlman et al. 2000, Thomas et al. 2000, Donnelly et al.
2003, Heydari, Freund & Boutcher 2012, Sasaki et al. 2014, Zhang et al. 2017).
These inconclusive findings suggest that exercise may be more likely to be
protective against increases in IAAT. Moreover, if the baseline level of non-obese
subjects” IAAT is already low, it may be difficult to achieve reductions. The
results of this dissertation research encourage the use of habitual physical activity
as a potential method of preventing intra-abdominal fat accumulation from early
adulthood onwards.

Interestingly, the healthy young MZ co-twins discordant for physical
activity already showed differences in their insulin resistance/sensitivity as
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measured by both a steady-state (HOMA) index and dynamic (Matsuda) index.
This result supports earlier findings of the beneficial role of physical activity in
glucose homeostasis (Lin et al. 2015), and possibly also in reducing the risk for
type 2 diabetes in later life. An earlier twin study showed a lower risk for type 2
diabetes among older physically active members of MZ twin pairs compared to
their inactive co-twins (Waller et al. 2010). Diabetes prevention is currently of
central importance given the rapid global rise in the prevalence of the disease. In
2014, 422 million people were estimated to have type 2 diabetes (NCD Risk Factor
Collaboration 2016).

Although both IAAT and SAAT correlate with metabolic risk factors, IAAT
seems to be more strongly associated with cardio-metabolic disturbances (Fox et
al. 2007, Liu et al. 2010). In the present study, IAAT correlated strongly with
markers of glucose homeostasis, i.e., fasting glucose, fasting insulin, and HOMA
index, which is consistent with the generally accepted view of a harmful
relationship between IAAT and health. According to anatomical landmarks,
IAAT can be subdivided into intraperitoneal and retroperitoneal fat depots
(Baumgartner et al. 1988, Abate et al. 1994) (Figure 4). Intraperitoneal adipose
tissue, which drains into the portal circulation, is postulated to be metabolically
different from retroperitoneal adipose tissue (Abate et al. 1994, Shen et al. 2003).
It is noteworthy that in the present study, when we subdivided [IAAT into
intraperitoneal and retroperitoneal fat depots, the difference between the active
and inactive co-twins was observed for intraperitoneal adipose tissue but not
retroperitoneal adipose tissue.

6.4 Diet, physical activity and abdominal adiposity

In the present cross-sectional cohort study, eating habits were evaluated by
constructing a dietary quality score. As demonstrated in the recent large cohort
studies (Fung et al. 2015, Fung et al. 2016) assessment of overall food-based diet
quality may better discriminate health outcomes. The results of present
dissertation showed that the more physically active individuals had healthier
diet according to dietary quality score. This is the line with earlier suggestions
that physically active individuals may have healthier diet habits (Charreire et al.
2011, Loprinzi, Smit & Mahoney 2014). However, the results on the associations
between the number of sport disciplines and types of activity engaged in and WC
did not alter substantially after adjustment for dietary quality, indicating that the
associations found were due to physical activity rather than diet.

To assess dietary intake in the clinical study, the twins were asked to keep
a 4-day food diary. Nutrient intake was calculated as the mean intake over the 4
days; however, with the software used it was not possible to calculate food
consumptions. The results showed that their energy intake was rather resembled
that of the 25- to 44-year-old Finnish men in the national FINDIET 2012 survey
(Helldan et al. 2013). Interestingly, the intake of common nutrients did not differ
between the inactive and active co-twins, indicating, as proposed earlier, that
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genes may influence the food habits of young adults (Keskitalo et al. 2008). This
observation emphasizes the possible independent role of physical activity in the
prevention of intra-abdominal fat accumulation. This assumption was confirmed
by the Generalized Estimating Equations analysis, which showed no
independent effect of energy intake on the difference in IAAT between the
activity-discordant co-twins. As energy intake was at similar level for both, the
less and more active twin brothers of the present study, it can be assumed that
the active co-twin had a more optimal energy- balance due to physical activity.
This accords with an earlier twin study showing that MZ co-twins had a similar
level of energy intake despite being discordant in body weight (Doornweerd et
al. 2016). A previous study among older twin pairs discordant for physical
activity showed that the active co-twins did not necessarily have a healthier diet
than inactive, but the active co-twins seemed to find it easier to eat according to
need (Rintala et al. 2011). The pairwise results on nutrient intake in the present
clinical study must, however, be interpreted with caution as the statistical power
for detecting significant differences remained rather low owing to the small
sample size. No pairwise difference was found in smoking or alcohol use,
assessed using structured questions, between the studied twin pairs. One smoker
was present in the inactive co-twin group and one in the active twin group.

6.5 Methodological considerations

This dissertation focused on young adults at an age (22 to 37 y in this dissertation)
when many major life events occur that may have significant effects on physical
activity habits. The transition to higher education, beginning work, pregnancy,
having a child, getting married, divorce/separation, changes in working
conditions are examples of life changes that may have a negative impact on the
physical activity levels of young adults (Engberg et al. 2012). Furthermore,
although overall obesity has shown promising signs of leveling off (Flegal et al.
2010, Rokholm, Baker & Sorensen 2010), increases in WC and the prevalence of
abdominal obesity seem to be continuing among some population segments,
especially younger adults (Lahti-Koski et al. 2012, Ladabaum et al. 2014, Albrecht
etal. 2015, Jacobsen & Aars 2016). Therefore, young adulthood a critical life phase
from the obesity epidemic viewpoint.

In many diseases, such as coronary heart disease and type 2 diabetes, a long
pre-symptomatic phase is thought to precede clinical onset. Hence, studies
assessing a low level of physical activity as a potential risk factor for such diseases
among middle-aged or older people require long follow-up times to avoid
influence on the investigated risk factors from preclinical pathogenic processes
or changes in physical activity levels arising from the prodromal phase of a
disease. In the present clinical study young healthy adult males were studied to
see whether differences arising from differing physical activity levels would be
observable under conditions in which chronic diseases are uncommon, and
medications or possible prodromal phases thus do not interfere with the
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interpretation of the findings. Thus, focusing on young healthy adult males in
the clinical study helped to avoid bias arising from effects of sex differences,
chronic diseases, degenerative changes, or medications.

WC used in the present cohort studies, is considered a valid marker of
abdominal adiposity (Pouliot et al. 1994, Rankinen et al. 1999). It is also affordable
and easy to use in large population studies. Although BMI and WC correlate at
the population level, substantial differences in WC are seen for any given BMI
value (Després 2011, Nazare et al. 2015). When WC was divided by the
corresponding BMI value in the present longitudinal study, the change in this
ratio differed significantly between the twins whose physical activity decreased
compared to their co-twins whose physical activity increased, supporting the
importance of WC as an indicator of the effect of physical activity. However, it
should be kept in mind that WC is only a surrogate marker of abdominal
adiposity and cannot separate more hazardous intra-abdominal fat from
subcutaneous abdominal fat. A limitation of the present cohort studies is the use
of self-reported WC, which, while it enables low-cost large data collection, can
also include measurement errors and lead to reporting bias. However, a high
intra-class correlation has been found for measured and self-reported WC among
both young adults (r=0.75, n=566) (Mustelin et al. 2009) and older twins (r=0.97,
n=24) (Waller, Kaprio & Kujala 2008). In the present clinical study, a single
transaxial MRI slice at the level of the L2-L3 intervertebral disc was used to
determine the masses of the different abdominal adipose tissue compartments.
According to Abate et al. (Abate et al. 1997), this method has acceptable reliability
and accuracy for predicting SAAT and IAAT (both intraperitoneal and
retroperitoneal) mass in men, in addition to being simple to implement and less
costly. The anatomical level of L2-L3 exhibited the most consistent and strongest
predictive ability for the different abdominal adipose tissue mass compartments
compared to the other anatomical levels (Abate et al. 1997). Although IAAT
measured at the L4-L5 intervertebral disc level is frequently used (Verheggen et
al. 2016), it may not be the optimal level for detecting the total volume of IAAT
and disease risk (Demerath et al. 2008, Irlbeck et al. 2010).

LTPA was of special interest in this dissertation, as routine daily physical
activity (e.g. occupational and household) has decreased in today’s society, hence
emphasizing the role of LTPA in modifying TDEE (Borodulin et al. 2008, Hallal
et al. 2012). Commuting activity was included in LTPA, as it is rather common
form of physical activity in Finland (Borodulin et al. 2015), and shown to be
associated with reduced level of cardiovascular risk factors (Barengo et al. 2006,
Vaara et al. 2014). Separating LTPA and occupational physical activity was
considered important as they associate differently with health outcomes
(Holtermann et al. 2018). Notably, in the present co-twin control study, neither
occupational physical loading nor daily activities differed between the more
active and less active co-twins.

The physical activity data used in dissertation research were collected with
questionnaires and interviews. It is well known that self-report methods often
include reporting bias, and that subjective methods both under- and
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overestimates a person’s true activity habits (Prince et al. 2008). However, the use
of objective methods in a large study sample presents its own challenges, e.g.
issues of costs and logistics. In addition, retrospective data collection among
potential activity-discordant co-twins would not be possible with objective
assessment methods. In the cohort study, the MET index used, which is based on
short physical activity questions, has shown a high correlation with the MET
index based on 12-month retrospective physical activity interview (0.68, P<0.001
for LTPA, and 0.93, P<0.001 for commuting activity) (Waller, Kaprio & Kujala
2008). In the present clinical study, various validated reporting methods were
used to assess the long-term physical activity habits of twin brothers (Baecke,
Burema & Frijters 1982, Lakka & Salonen 1997, Kujala et al. 1998, Waller, Kaprio
& Kujala 2008, Leskinen, Waller et al. 2009). The intrapair differences in physical
activity habits were clear in each of the physical activity questionnaires and
interviews. It should be noted that a variety of physical activity assessment
methods was used at different time points to identify enough discordant pairs
with a true intrapair difference in LTPA habits. The question was not one of
applying different equivalent physical activity assessment methods, but rather of
simply finding enough discordant pairs to study the relationship between
physical activity and health independently of genetic background. Individual
paired differences in LTPA MET-h/day are shown in Figure 8. Moreover, the
difference in cardiorespiratory fitness at the end of the follow-up provides
additional support for a true intrapair difference in physical activity habits. Self-
reported dietary habits may also include reporting bias, such as underreporting
(Hirvonen et al. 1997). In the clinical study, it was sought to minimize this
drawback by issuing detailed written instructions on how to keep the food diary,
checking food diary when the study participant personally returned it, and
performing analyses with energy-adjusted outcomes.

As genetics plays a role in exercise participation (de Geus et al. 2014,
Lightfoot et al. 2018) and the development of obesity (Shungin et al. 2015, Turcot
etal. 2018) it may be easier for some individuals to achieve high levels of physical
activity and an appropriate body composition. In observational studies of
nonrelated individuals this may lead to selection bias, and make it difficult to
assess the true extent of the causal relation between physical activity and health
outcomes. A MZ co-twin control study is thus more incisive in exposing causal
relations between physical activity and health outcomes than observational
follow-up studies of unrelated individuals. A major strength of this dissertation
was the pairwise analysis conducted among physical activity-discordant twin
pairs, as it permits taking into account genetic effects, either fully (monozygotic,
MZ twin pairs) or partially (dizygotic, DZ twin pairs), and childhood
environment, including differences, for instance, in social class and education,
family structure and parenting practices, as twins usually share the same
childhood environment at home and school.

On the other hand, a major limitation of the present study is the low number
of MZ twin pairs discordant for physical activity, regardless of our nationwide
search of five consecutive birth cohorts. As participation in physical activity has
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rather high heritability (de Geus et al. 2014), and MZ twin pairs often have fairly
similar health habits as a consequence of being raised together at home, in
addition to genetic liability, finding physical activity discordant MZ twin pairs is
challenging. Differences mostly arise after they have moved out of the parental
home to study or take up a job. Among the physical activity-discordant twin
pairs in the present clinical study, the most commonly reported reason given by
the inactive co-twins for being physically inactive were work- or family-related
commitments. In the cross-sectional study, the results on the number of sport
disciplines engaged in and WC, could not be replicated in activity-discordant MZ
twin pair analysis. This may be due to the sharing of the genetic background seen
in twin studies of physical activity and abdominal obesity. Another possible
explanation is that a small number of discordant MZ pairs reduces the power to
detect possible differences. However, the present clinical co-twin control study
showed that a substantial difference in physical activity volume over longer
periods leads to differences in IAAT, including among MZ twins. The statistical
power for detecting significant (P<0.05) differences between co-twins was 0.75
for IAAT and 0.80 for intraperitoneal adipose tissue. The pairwise results on the
nutrient intake of the co-twins must be interpreted with caution, as the statistical
power for detecting significant differences remained rather low. The main
analyses in the cohort studies were also adjusted for other lifestyle factors that
could potentially influence abdominal fat accumulation in addition to physical
activity. The results did not change substantially after adjustment, indicating the
important role of physical activity in the association with abdominal adiposity.

Owing to the cross-sectional design of the study on sport disciplines, causal
inferences cannot be drawn. Moreover, as discussed earlier, the association can
be bi-directional. In the longitudinal study, only two follow-up points were used,
and therefore it is not possible to determine when the changes in LTPA occurred
or interpret causality. However, various pairwise analyses among the MZ
physical activity-discordant twin pairs support the argument for a causal
association between physical activity and risk factor of interest.

The generalizability of the cohort study results is reasonable good, as the
BMI values of the twins were only slightly lower than those of the general Finnish
population (Peltonen et al. 2008). Furthermore, with respect to the comparability
of the clinical study sample with the general population, the participants of the
clinical study were compared to the other men from FinnTwin16 cohort who
participated in the web-based questionnaire survey at the mean age of 34 (see
Appendix 3). The clinical study participants had a somewhat lower BMI and
mean physical activity level, but otherwise rather similar subject characteristics
compared to the other men in the FinnTwin16 cohort. The generalizability of the
clinical control study results for women needs further research. Although women
and men tend to accumulate fat differentially (Power & Schulkin 2008), in the
present cohort studies, the associations were rather similar for both sexes, if in
general slightly stronger in men.
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6.6 Implications and future directions

A study design with an appreciably larger number of MZ twin pairs discordant
for the exposure of interest, would be an advantage in future studies.
Unfortunately, such a sample is highly unlikely to be gathered, since, as a
consequence of being raised together at home, in addition to genetic liability, MZ
twins often have fairly similar health habits. Data from the FITFATTWIN clinical
study, employed in this dissertation, have demonstrated additional interesting
findings that were not the focus of this dissertation. Although MZ twin pairs
usually show a high degree of similarity in brain structure/volumes, the more
active co-twins had a larger gray matter volumes in the striatum and frontal
cortex in the non-dominant hemisphere compared to their less active co-twin
brother. Thus, physical activity-discordant MZ twin pair analysis offers a unique
study design to avoid bias arising from genetic effects, and reflect causality
between physical activity and different health outcomes.

Future prospective studies would be advised to place more emphasis on
change in PA habits, as it seems that many individuals change their PA habits
with time. First, this may have an influence on the results of studies which only
look at the predictive value of baseline physical activity on follow-up WC or
obesity, and secondly, valuable data is lost if individuals who change their
activity level during the follow-up are not included in the analyses. More
research is also needed to determine how to prevent waist gain among those
whose physical activity for various reasons decreases. As prevention of excessive
fat accumulation seems to be easier to accomplish than reducing obesity (Hill,
Wyatt & Peters 2012), it is crucial to find ways to protect individuals who have
already adopted a physically active lifestyle from dropping out. For other, young
adulthood would be an important age to finally embark on a physically active
lifestyle, as, although the chronic diseases are yet uncommon, harmful, but
invisible, changes in the body may already be occurring, as was seen in the
present clinical study.

In abdominal obesity prevention, the present results suggest that it may be
less important to focus on single sport disciplines and more important to
encourage participation in a diversity of activities. Popular sport disciplines
could be diversely incorporated into future study designs, especially in
intervention studies that test feasible ways to prevent abdominal obesity and
enhance health. The present results for different sport disciplines are cross-
sectional, and, as stated earlier, the associations may be bi-directional, and
therefore should be viewed as preliminary only and in need of replication with
more rigorous prospective or intervention studies. With regard to specific sport
disciplines, intervention studies have demonstrated that, for example, in small-
side recreational football, while exercise intensity can be high, typically highly
intermittent, including multiple turns, jumps and sprints, the perceived exertion
has, however, been found to be lower than in other activities such as jogging,
interval running or fitness training. Further, the participant often found the game
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enjoyable and interest in it was often maintained after the intervention (Bangsbo
et al. 2015). Theoretically, many ball and racquet games could be modified to
incorporate similar content and impact, and hence cardio-metabolic benefits, as
football-interventions have shown. Recently, a large observational study
demonstrated that instead frequency and duration, activity modes were
associated with mental health, highlighting the role of the social and play features
of activities (Sciamanna et al. 2017). Another recent review demonstrated that in
addition to the health benefits of structured dancing, the enjoyment and pleasure
experienced by participants engaging in dancing may promote the long-term
maintenance of that activity, and its accompanying long-term health benefits
(Fong Yan et al. 2018). In exercise counseling, individuals” exercise preferences
are central, as intrinsic motivation is crucial for long-term exercise maintenance
(Teixeira et al. 2012). Because the range of popular sport disciplines is much
broader than the activity modes typically used in intervention trials or reported
in observational studies, investigation of the health benefits of a wide range of
popular physical activities could bring additional insights to bear in the domain
of exercise promotion.

Physical activity seems to be beneficial for weight reduction, but the effect
has been reported to be only modest, unless the levels of exercise are very high
(Janiszewski & Ross 2007, Swift et al. 2014). An appropriate volume of physical
activity for weight loss, which is approximately double that currently
recommended for maintaining and improving health (Donnelly et al. 2009), may
be difficult for overweight and obese individuals to achieve, especially in the
modern sedentary environment. Because physical activity has numerous health
benefits even without weight loss (Physical Activity Guidelines Advisory
Committee 2008), it is important to encourage individuals with excess weight to
start or to continue exercising despite of their possible inability to lose weight
(Janiszewski & Ross 2007, Swift et al. 2014). Exercise training can induce loss of
IAAT even with minimal or no weight loss (Verheggan et al. 2016); this, in turn,
may have significant benefits for metabolic health (Fox et al. 2007). In the present
clinical study, the activity-discordant MZ male co-twins did not materially differ
in weight but clearly differed in IAAT, which in turn was already associated
among these healthy young adults with the markers of glucose homeostasis.
Thus, in exercise science, abdominal adiposity is important as an indicator of the
influence of physical activity on body composition. Overall, the results of this
dissertation underline the importance from young adulthood onwards of
promoting LTPA, and possibly also engagement in a diversity of activities, in
seeking to minimize age-related waist gain and intra-abdominal fat accumulation,
and the possible development of related metabolic complications.



7 MAIN FINDINGS AND CONCLUSIONS

The main findings and conclusions of the present dissertation are:

1.

Increasing leisure-time physical activity (LTPA) or staying active
attenuated age-related waist gain in both sexes during young adulthood.
Despite the starting level, any decrease in LTPA led to waist gain
resembling that associated with being persistently inactive. Pairwise
analyses among MZ physical activity-discordant twin pairs (comparing
co-twins whose activity decreased with that of their twin siblings whose
activity increased), confirmed the associations when genetics were
controlled for. Thus, changes in easily measured waist circumference
(WC), which correlates well with many cardio-metabolic risk factors, are
associated with changes in LTPA habits already in early adulthood.

Among young adults in their mid-30s, the number of sport disciplines

participated in was inversely associated with WC, also after adjusting for

overall LTPA volume. The result did not materially alter after adjusting

for diet quality, although the more active individuals had a healthier diet.

The association was also seen in the twin pairs discordant for the number

of activities. In men, all three types of activities (aerobic, power, and mixed)
were individually associated with a smaller WC, while in women, only

mixed and power activities showed this association. = Promoting

participation in a diversity of LTPAs rather than specific activities may be

beneficial in preventing abdominal obesity among young adults.

Among the physical activity discordant MZ male twin pairs, in the
absence of any overall BMI difference (~3 %), the inactive co-twins tended
to have more body fat (~21%), and had an average 31 % more intra-
abdominal adipose tissue (IAAT), and 41% more intraperitoneal adipose
tissue compared to their genetically identical but more active twin
brothers. IAAT was associated with the markers of glucose homeostasis.
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Diet did not differ between the discordant co-twins. The results emphasize
the role of LTPA independent of genes and childhood environment in the
prevention of intra-abdominal fat accumulation from early adulthood
onward, avoiding the possible development of related metabolic
complications.
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YHTEENVETO (FINNISH SUMMARY)

Vapaa-ajan liikunta-aktiivisuus ja keskivartalon rasvoittuminen nuorilla ai-
kuisilla - Seuranta- ja tapausverrokkitutkimuksia kaksosilla

Liikunnalla on monia terveysvaikutuksia, mutta merkittdva osa vaestosta liikkuu
terveytensd kannalta riittdiméattomaésti. Ylipaino, lihavuus sekd niiden liitdinndis-
sairaudet ovat jo pitkddn olleet maailmanlaajuisia terveyshaasteita, joiden lisddn-
tymiseen liian vahdinen fyysinen aktiivisuus ndhdaan yhtena tarkedna tekijana.
Terveyden kannalta on merkitystd mihin rasva kehossa kertyy. Vatsaonteloon
ldhelle sisdelimid kertynyt rasvakudos on aineenvaihdunnallisesti aktiivista ja
sen on osoitettu olevan ihonalaisrasvakudosta vahvemmin yhteydessé sairauk-
sien riskitekijoihin kuten glukoosi- ja rasva-aineenvaihdunnan hairiéihin, korke-
aan verenpaineeseen, ja matala-asteiseen tulehdukseen. Siksi erityisesti vyotd-
rolihavuus, jossa vatsaonteloon kertynyt rasvakudos laajentaa vyotdrod, lisdd ris-
kid moniin kansantauteihin kuten sydan- ja verisuonitauteihin ja tyypin 2 diabe-
tekseen. Vyotarolihavuus on my6s yksi metabolisen oireyhtymdn kriteereistd.
Vaikka lihavuuden kasvu on osoittanut merkkejd tasoittumisesta joissakin
maissa, vyodtdarolihavuus on ollut edelleen kasvussa monissa maissa, ja on yleis-
tynyt terveyshuoli yhd nuoremmilla. Suomessa ldhes puolet aikuisista tayttaa
vyotdrolihavuuden kriteerit (naiset >90 cm ja miehet > 100 cm).

Kehon rasvakudoksen mééra on padasiallisesti riippuvainen energiansaan-
nin ja -kulutuksen tasapainosta pidemmiilld aikavalilld. Yhteiskunnan moderni-
saation ja teknologian kehityksen my®6td vahentynyt tyon ja arjen fyysinen aktii-
visuus, istuvan elaméntavan lisddntyminen ja toisaalta helposti saatavilla oleva
runsasenerginen ravinto haastavat energiatasapainoa jatkuvasti. Ndiden muu-
tosten johdosta vapaa-ajan lilkunnan merkitys on nykypdivéana korostunut ener-
giankulutuksen sdételijand ja muutoinkin terveyttd edistdvan lilkkunnan ldhteena.
Seurantatutkimukset ovat osoittaneet, ettd liikunnan lisidminen tai korkea lii-
kunta-aktiivisuus on yhteydessd pienempddn vyotironymparykseen, ja inter-
ventiotutkimusten mukaan litkuntaharjoittelulla on mahdollista vihentdd vatsa-
ontelonsisdistd rasvaa ylipainoisilla ja lihavilla aikuisilla, jopa ilman energian-
saannin rajoittamista tai painon putoamista. Perintotekijoiden tiedetddn kuiten-
kin vaikuttavan sekd kehon rasvoittumiseen, ettd liikuntatottumuksiin. Aikai-
semmissa litkuntatutkimuksissa on harvemmin pystytty huomioimaan seka pe-
rintotekijoiden vaikutus tuloksiin, ettd keskitytty nuoriin aikuisiin, jotka ovat tér-
ked kohderyhma vyotarolihavuuden sekd siihen liittyvien metabolisten hairioi-
den ehkdisyn kannalta.

Taman vditoskirjatutkimuksen tarkoituksena oli selvittdd miten ja minka
tyyppinen vapaa-ajan liikunta on yhteydessa keskivartalon rasvoittumiseen kol-
mekymppisilld aikuisilla. Tutkimuksessa tarkasteltiin myos ravitsemuksen seka
muiden terveyteen liittyvien tekijéiden kuten painoindeksin, koko kehon rasvan
maédrdn, kestdvyyskunnon, ja glukoositasapainon yhteyksia tahédn ilmioon. Tut-
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kimuksissa kdytetyt ainutlaatuiset kaksostutkimusasetelmat mahdollistivat tu-
losten vakioinnin yhteisten perintotekijoiden seka lapsuusajan ympaéristotekijoi-
den osalta.

Viitoskirjatutkimus perustuu kahteen eri tutkimusaineistoon, Nuorten
Kaksosten Terveystutkimuksen (englanniksi FinnTwin16) -kohorttiin sek& klii-
niseen FITFATTWIN -tutkimukseen. Viitoskirjan seurantatutkimuksessa Nuor-
ten Kaksosten Terveystutkimuksen kaksoset (1805 naista ja 1578 miestd) vastasi-
vat seurantatutkimuksen neljanteen kyselyyn keskimddrin 24.5 vuoden idssd
(vaihteluvili 22-27 vuotta) ja viidenteen kyselyyn 34 vuoden idssd (vaihteluvéli
32-37 vuotta) ja mittasivat itse vyotaronympéryksensd kyselyn mukana tulleella
mittanauhalla. Vapaa-ajan liikunnan (siséltden tydmatkaliikunnan) kokonais-
médrd arvioitiin litkuntakysymysten perusteella molemmissa aikapisteissd, ja lii-
kunta-aktiivisuuden muutoksen/pysyvyyden yhteyksid vyotdronymparyksen
muutokseen tarkasteltiin seuranta-aikana. Viitoskirjan poikkileikkaustutkimuk-
sessa tarkasteltiin Nuorten Kaksosten Terveystutkimuksen 2153 naiskaksosen ja
1874 mieskaksosen keskimddrin 34 (32-37) vuoden idssd harrastettujen liikunta-
lajien méérdn ja lilkunnan kuormitustyypin (aerobinen, lihasvoima, ja sekalajit
(esim. pallopelit)) yhteyksid vyotaronympérykseen. Kliiniseen FITFATTWIN -
tutkimukseen osallistui kymmenen liikunta-aktiivisuuden suhteen eroavaa ge-
neettisesti identtistd mieskaksosparia, idltdan 32-36 -vuotiaita. Kaksosparin toi-
nen kaksonen oli harrastanut vapaa-ajanliikuntaa aktiivisesti viimeisen kolmen
vuoden aikana, kun taas hdnen kaksosveljensi oli harrastanut liikuntaa vain vé-
hén (ns. inaktiivinen kaksosveli) (ero ~3 MET tuntia/pvé). Kaksosten vilinen lii-
kunta-aktiivisuusero maddritettiin useilla liikuntakyselyilld ja -haastatteluilla.
Kaksosparit osallistuivat kahden perdkkdisen pdivan ajan laajoihin terveyteen
liittyviin tutkimusmittauksiin, joissa vatsan rasvakudoksen maééraad ja jakautu-
mista madritettiin magneettitutkimuksella

Viitoskirjan seurantatutkimus osoitti, ettd liikkunta-aktiivisuuden lisdys tai
pysyminen liikunnallisesti aktiivisena nuorella aikuisidlld oli yhteydessd pie-
nempddn vyodtaironympéryksen lisdykseen. Toisaalta liikunta-aktiivisuuden vé-
hentdminen, ldhtotilanteen aktiivisuustasosta riippumatta, johti samanlaiseen
vyotaronymparyksen muutokseen kuin vain véhén liikkuvina pysyneilld. Lisa-
analyysit identtisilld kaksospareilla, joista toinen kaksosparin jasen oli lisannyt ja
toinen vihentdnyt litkunta-aktiivisuutta seuranta-aikana, osoitti lilkunnan muu-
toksen nikyvan vyotaronymparyksen muutoksessa myos silloin kuin perintote-
kijoiden vaikutus oli vakioitu. Poikkileikkaustutkimuksessa harrastettujen lii-
kuntalajien mé&éard oli kddnteisesti yhteydessd vyotaronympéarykseen, myos sil-
loin kun tulos vakioitiin lilkunnan kokonaismaaralla tai ruokavalion laadulla.
Kaikki kolme liikunnan tyyppid (aerobinen, lihasvoima ja sekalajit) olivat mie-
hilld kukin erikseen yhteydessd pienempddn vyotdronymparykseen, kun taas
naisilla yhteys havaittiin lihasvoima- ja sekalajien harrastamisen suhteen.

Viitoskirjan kliinisessa tutkimuksessa liikunta-aktiivisuuden suhteen eroa-
vat identtiset kaksosveljet erosivat toisistaan myos polkupyordergometrilla mi-
tatun maksimaalisen kestdvyyskunnon osalta, mika antoi vahvistusta kaksosvel-
jien todelliselle erolle liikunta-aktiivisuudessa. Ndiden perimaltdan identtisten
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kaksosten vililld ei ollut eroa painoindeksissd (~3%), mutta kehonkoostumus
(DEXA) - mittauksen perusteella inaktiivisilla kaksosilla nédytti olevan kehossa
enemmadn rasvaa (~21%), ja heilld oli magneettikuvauksen perusteella keskiméé-
rin 31% enemman vatsaontelonsisdistd rasvakudosta, ja 41% enemmaén vatsakal-
vonsisdistd rasvakudosta kuin liitkunnallisesti aktiivisilla identtisilld kaksosveljil-
laén. Yksilotason korrelaatioissa vatsaontelonsisdisen rasvakudoksen maééra oli
yhteydessd glukoositasapainon markkereihin; paastosokeriin, paastoinsuliiniin
ja ndistd laskettavaan insuliiniresistenssia kuvaavaan HOMA-indeksiin. Neljan
pédivan ruokapdivikirjan perusteella kaksosveljien vililld ei ollut eroa ravinnon-
saannissa.

Viitoskirjatutkimuksen tulosten mukaan litkunta-aktiivisuuden muutokset
nikyvit nuorilla aikuisilla vyotaronympéryksessd. Tulokset antavat myos viit-
teitd siitd, ettd monipuolinen liikunnan harrastaminen yksittdisen lajin suosimi-
sen sijaan on yhteydessd pienempddn vyotaronymparykseen. Vahdinen liikun-
nan harrastaminen nayttdisi olevan perintotekijoistd riippumatta yhteydessa
suurempaan vatsaontelonsisdisen rasvan kertymiseen terveilld miehilld jo kol-
mekymppisend, ja muutokset eivit vilttiméttd ndy painoindeksissd. Vaitoskir-
jan tulokset korostavat vapaa-ajan liikunnan lisddmisen ja ylldpitdmisen merki-
tystd, perintotekijoistd riippumatta, keksivartalon liiallisen rasvoittumisen eh-
kiisyssd nuorella aikuisilld, ja ndin myos mahdollisten myshempien metabolis-
ten liitdinndisongelmien kehittymisen ehkéisyssa.
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APPENDIX 2

Long-term intrapair differences in LTPA among the FITFATTWIN study

participants
LTPA Inactive Active Mean difference P
(95% CI)
LTPA MET-h/day > N=10 N=10
12-mo-LTMET index at mean age 34 y 1.2+£09 39+12 2.8 (2.0 to 3.5) <0.001
3-yr-LTMET index (mean; 1 to 3 y prior to the 1.7+13 5027 3.3 (1.9 to 4.8) 0.001
FITFATTWIN study)
LTPA MET index 1 to 6 y prior to the
FITFATTWIN study
1y 14+15 56+4.4 43 (1.8t06.7) 0.005
2y 1.1£07 5.6+3.0 44 (24t06.4) 0.001
3y 26+24 39+25 1.3 (-0.3 t0 2.9) 0.096
4y 34+37 34+25 -0.1 (-3.1 t0 2.9) 0.58
5y 37+3.2 28+26 -0.9 (-3.8t01.9) 0.96
6y 33+3.6 41+3.7 0.9 (2.6 to 4.4) 0.58
LTPA MET index at mean age of 24.5 y 50+26 45+35 -0.5 (-1.6 to 0.5) 0.28
LTPA frequency© n n P
LTPA frequency at mean age of 34 y (N=20) 0.063
Not at all 0 0
Less than once a month 3 0
1-2 times a month 4 0
About once a week 2 0
2-3 times a week 1 8
4-5 times a week 0 0
About every day 0 2
LTPA frequency at mean age of 24.5 y, (N=20) 1.0
Not at all 0 1
Less than once a month 0 1
1-2 times a month 1 1
About once a week 3 1
2-3 times a week 5 4
4-5 times a week 1 1
About every day 0 1
LTPA frequency at age 18.5y, (N=18) 1.0
Not at all 0 0
Less than once a month 0 0
1-2 times a month 0 1
About once a week 2 3
2-3 times a week 3 1
4-5 times a week 3 3
About every day 1 1
LTPA frequency at age 17 y, (N=20) 1.0
Not at all 0 0
Less than once a month 0 0
1-2 times a month 0 1
About once a week 2 1
2-3 times a week 3 2
4-5 times a week 3 3
About every day 2 3

LTPA frequency at age 16 y, (N=10) 1.0
Not at all 0 1
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Less than once a month 0 0
1-2 times a month 0 1
About once a week 1 2
2-3 times a week 4 1
4-5 times a week 3 2
About every day 2 3

Notes: Data are mean * SD. LTPA, leisure-time physical activity; CI, confidence interval; MET,
metabolic equivalent; SD, standard deviation.

2 Leisure-time physical activity and commuting activity.

b According to the physical activity interviews in the FITFATTWIN study examinations.

¢ According to the questionnaire survey (FinnTwin16 Cohort Study).

d P-value according to symmetry test (Stata 12.0).
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APPENDIX 3

Characteristics of FITFATTWIN participants in comparison to all the other men
in the FinnTwin16 cohort study.

FITFATTWIN FinnTwin16 cohort Ppa
(N= 20 men) (N=1558 men)
I
LTPA MET hours per day® 32+25 47+42 <0.001
Age (y) 33.7+1.2 339+%12 0.62
Weight (kg) 76.1£10.4 83.3+13.6 0.022
Height (cm) 1792+5.1 1795+ 6.6 0.85
Body mass index (kg/m?) 23.6+23 258+3.7 <0.001
Waist circumference (cm) 87.3+8.1 92.4+£10.8 0.031
% % pd
Occupational physical activity
Sedentary 65.0 46.2 0.63
Standing or walking at work 15.0 19.2
Light manual work 10.0 19.3
Heavy manual work 10.0 11.2
Not working or studying 0 4.0
Educational level
Primary 0 3.3 0.17
Secondary 25.0 49.3
Tertiary 75.0 47.5
Children
Yes 45.0 56.1 0.40
Chronic diseases
Yes 0 15.3 0.17
Smoking status
Current (daily) smoker 10.0 20.0 0.59
Occasional smoker 15.0 123
Quitters 20.0 22.6
Never smoked 55.0 45.1
Alcohol use
Daily 0 55 0.24
1-2 times/week 85.0 58.5
1-2 times/month 15.0 215
Less than once a month 0 8.7
Never 0 5.8

Notes: Data are mean + SD. LTPA, leisure-time physical activity; MET, metabolic equivalent; SD,
standard deviation.

a P-value for difference between FITFATTWIN participants (10 physical activity-discordant MZ
male pairs) and all the other men from FinnTwin16 cohort.

b Analyzed with the adjusted Wald test (Stata 12.0) taking into account clustered observations of
twins within pairs.

¢ LTPA and commuting activity according to structured physical activity questions.

d Analyzed with the Pearson’s x?2 test (Stata 12.0) taking into account clustered observations of
twins within pairs.
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Abstract

Purpose: The benefits of physical activity in preventing abdominal obesity are well
recognized, but the role of different sport disciplines remains open. We aimed, therefore, to
investigate how participation in different sport disciplines, and the number and types of sports
engaged in are associated with waist circumference (WC) in young adulthood. Methods: This
population-based cohort study comprised 4027 Finnish twin individuals (1874 men), with a
mean age of 34 y (32-37), who answered a survey, including self-measured WC. We
extracted the number and identified the types (aerobic, power, mixed) of the different sports
disciplines respondents reported participating in. Results: The number of sport disciplines
participated in was inversely associated with waist circumference, the linear decrease
averaging 1.38 cm (95% CI 1.10 to 1.65) per each additional sport discipline. The result
persisted after adjustment for the main covariates, such as volume of physical activity and
diet quality. Among dizygotic twin pairs discordant for sports participation (0-2 vs. 5 or more
disciplines), the mean within-pair difference in WC was 4.8 cm (95% C1 0.4 to 9.1) for men
and 11.2 cm (95% CI 4.4 to 18.0) for women; among discordant monozygotic pairs no
differences were observed. In men, all three types of sports were individually associated with
smaller WC, while in women, only mixed and power sports showed this association.
Conclusions: Participation in several sport disciplines and sport types was associated with
smaller WC among young adults in their mid-30s. Shared genetic background may explain

some of the associations.

Keywords: Physical activity, sport disciplines, abdominal obesity, waist circumference, twin

study



Introduction

The location of body fat seems to have a more important influence on cardio-metabolic health
than general obesity (Despres, 2012). Abdominal obesity is independently related to type 2
diabetes, cardiovascular diseases, and their risk factors (Balkau et al., 2007; Janssen,
Katzmarzyk, & Ross, 2004; Yusuf et al., 2005), and mortality (Pischon et al., 2008). Waist
circumference (WC) is considered a valid marker of abdominal obesity (Klein et al., 2007;
Rankinen, Kim, Perusse, Despres, & Bouchard, 1999), and is both easy to measure and
affordable in clinical practice and large population studies. Abdominal obesity has become
increasingly common among younger people (Ladabaum, Mannalithara, Myer, & Singh,
2014; Lahti-Koski, Harald, Saarni, Peltonen, & Ménnisto, 2012), and therefore, to minimize

the development of related health problems, early stages prevention strategies are important.

Physical activity (PA) has good potential to prevent and reduce abdominal obesity.
Longitudinal studies have shown that regular PA is related to favourable levels of WC
(Hamer et al., 2013; Hankinson et al., 2010; Rottensteiner, Pietilainen, Kaprio, & Kujala,
2014), and randomized controlled trials have confirmed the beneficial independent role of
aerobic exercise in reducing abdominal fat among people with overweight and obesity
(Ismail, Keating, Baker, & Johnson, 2012; Vissers et al., 2013). However, several questions
on the optimal exercise modality to prevent and treat abdominal fat accumulation remain
open. Exercise trials have mainly focused on the effects of aerobic exercise and strength
training (Ismail et al., 2012), and observational studies on general levels of PA rather than
specific exercise modes (Hamer et al., 2013; Hankinson et al., 2010). Recently, the health
benefits of different sport disciplines have been under discussion (Oja et al., 2015; Oja et al.,

2016), but the evidence on the effect of individual sports on body composition is scarce.



The purpose of our study was to investigate how participation in different sport disciplines,
and the number of sport disciplines and types of sport engaged in are associated with WC in
young adulthood. This knowledge gained from a real-life setting could be valuable in clinical
health promotion and when planning interventions aimed at finding optimal way to prevent
and reduce abdominal obesity. Both exercise participation (de Geus, Bartels, Kaprio,
Lightfoot, & Thomis, 2014) and abdominal obesity (Shungin et al., 2015) have genetic
components. Shared genetic effects may influence both sports participation and abdominal
obesity. Our co-twin control study design permits taking into account both childhood family
environment and genetic effects either fully (monozygotic, MZ twin pairs) or partially

(dizygotic, DZ twin pairs).

Materials and methods

Data collection

This study forms part of the population-based FinnTwin16 cohort study (Kaprio, 2006)
investigating the role of genetic and environmental factors as determinants of different health
behaviours, disease risk factors and chronic disease. Virtually all twins born between October
1974 and December 1979 were identified from the Finnish population register, and data
collection started when the twins were aged 16. In the present study, we used the fifth wave
of data collection, which was conducted in 2010-2012. Data was collected using a web-based
questionnaire, containing questions related to health, body composition and leisure-time
physical activity (LTPA). Twins were mailed an invitation letter including the access code to

the Internet survey (Rottensteiner et al., 2014).



This study was conducted according the guidelines laid down in the Declaration of Helsinki.
The ethics committee of the Central Finland Hospital district approved the study protocol,

and participants gave their informed consent.

Participants

Altogether, 4406 twin individuals (men 1962, 44.5%) responded to the questionnaire at 32-37
(mean 34.0) years of age, yielding a response rate of 71.9% of all the cohort members alive
and resident in Finland (Kaprio, 2013). All the participants who responded the questions
related to LTPA, weight and height, and measured their WC were included in the study.
Women pregnant at the time of data collection (n=197) were excluded. The final study group
comprised 4027 twin individuals (1874 men and 2153 women), including 1443 twin pairs

with both twins participating (492 MZ, 894 DZ, and 57 with unknown zygosity).

Measurement of waist circumference

WC was self-measured with a tape measure that was included in the mailed invitation letter
(Rottensteiner et al., 2014). The web-based questionnaire included illustrated instructions for
measuring WC. Measurement was performed while standing, at either the narrowest part of
the waist, or if not located, the midpoint between the lowest part of the rib and top of the hip
bone. Self-measured and healthcare professional-measured WC (n=24) have shown a high

intra-class correlation (r=0.97, P<0.001) (Waller, Kaprio, & Kujala, 2008).

Assessment of physical activity
The twins answered to a multiple-choice question about what kind of leisure-time physical
activities/sports disciplines/exercises they participated in (see Supplement Material 1). The

original formulation of this question in Finnish covers both competitive and recreational



sports and exercises, and thus, in the present study the term sport disciplines refers to both
kinds. Twenty-six common sport disciplines and an open field option were given as response
alternatives; multiple alternatives could be reported. Each sport discipline was coded
separately for the analysis (total of 76 including open-field responses). We then calculated the
number of sport disciplines participated in, and classified the twin individuals into four
groups: 1) no sport; 2) 1-2; 3) 3-4; and 4) 5 or more sport disciplines. To further confirm the
within-in pair associations among the discordant twin pairs, we identified all the same-sex
twin pairs (MZ and DZ) in which one twin reported five or more sport disciplines and his/her

co-twin at most 2 disciplines.

Next, the sport disciplines were divided into four groups based on what fitness parameters
participation in that sport principally enhances (modified from Aarnio, Winter, Peltonen,
Kuyjala, and Kaprio (2002) and Sarna, Sahi, Koskenvuo, and Kaprio (1993)). The “aerobic”-
group comprised the sport disciplines that mainly improve aerobic fitness, the “power”-
group those that mainly improve muscle strength, the “mixed”-group those that improve both
aerobic fitness and muscle strength, and the group “other” those that mainly improve
something else, e.g., skills/techniques with a low or unclear cardio-respiratory or muscular
loading intensity. We then re-classified the twin individuals into eight groups, covering all
the possible combinations of participating in aerobic, power, and mixed sports, or no
participation in any sport disciplines in the aerobic, power or mixed groups (see Supplement

Table II).

We also assessed total LTPA volume based on structured questions on the average frequency,
intensity, and duration of activity, and the mean commuting time per day. LTPA volume was

calculated as average frequency (per month) x duration (min) x intensity (MET), and



commuting activity volume as frequency (five times per week) x duration (min) x intensity (4
METs), and the total LTPA volume was expressed as the sum-score of MET hours per day
(Rottensteiner et al., 2014). Detailed validity information is available elsewhere (Waller et

al., 2008).

Assessment of confounding factors

A dietary quality score based on nutrition recommendations was constructed from 11 food-
frequency questions and two questions on bread consumption. Selecting from five response
options ranging from "not at all" to "many times a day", participants estimated how often
daily, over the past 12 months, they had usually eaten the following food items: 1) fruit and
berries, 2) vegetables, 3) fish, 4) whole grains (with examples), 5) fast food (with examples),
6) fat-free or reduced-fat milk, sour milk, or yoghurt, 7) sugar-sweetened soft drinks or
juices, 8) energy drinks, 9) butter, 10) margarine, and 11) vegetable oil. Margarine and
vegetable oil were combined into one category. In addition, participants were asked how
many slices of dark and white bread they usually consume per day, and examples of both
types of bread given. For each of the 12 food categories, one point was given if the dietary
recommendation was met, resulting in a score that ranged from 0 to 12, with a higher score
indicating better dietary quality and an overall healthier diet. The cut-offs for each of the 12
dietary guidelines were derived from the most recent Nordic (Nordic Council of Ministers,
2014) and Finnish nutrition recommendations (National Nutrition Council, 2014). As a test of
validity, a positive correlation between the dietary quality score and nutrients assessed by 4-
day food diaries was found for 20 male twin individuals, including fibre (r=0.46, P=0.04) and

minerals (e.g. r=0.65 for energy-adjusted magnesium, P=0.002).



A separate multiple adjustment included several potential confounders. Age and number of
children were used as continuous variables. Work-related PA (a question about how
physically strenuous work or studies are), educational level (1. primary and compulsory
education (9 years); 2. secondary vocational and academic education (up to 12 years); 3.
tertiary education (over 12 years)), chronic diseases (reported chronic disease or handicap
interfering with daily activities; yes/no), alcohol use (frequency of drinking alcohol) and

smoking status were used as categorical variables (Rottensteiner et al., 2014).

Statistical analysis

In the individual-based analyses, data were analyzed using Stata 12.0 (Stata Corp., College
Station, TX, USA). The mean values or regression coefficients, and their 95% confidence
intervals were estimated by linear regression using the survey analysis estimation
methodology, where linearized standard errors account for a sampling design based on twin
pair clusters (Korn EL & Graubard BI, 1999). False Discovery Rate -corrected pairwise
comparisons were used to identify mean differences between groups differing in the number
of sport disciplines participated in. Chi-square tests were adjusted for the sampling design by
using the design-based test statistic of Rao and Scott (1984). Pairwise comparisons between
discordant co-twins were performed with SPSS Statistics 22.0 (IBM Corp., Armonk, NY,
USA). The normality of variables was assessed with the Shapiro-Wilk test. Normally
distributed data were analysed with two-sided paired-sample t-tests and non-normally
distributed data with the Wilcoxon signed-rank test. The level of significance was set at P <

0.05.



Results

Participant characteristics

Participant characteristics stratified by gender and the number of sport disciplines
participated in (no sport, 1-2, 3-4, 5 or more) are presented in Table I. LTPA volume and diet
quality increased with the number of sport disciplines participated in. Weight and BMI were
lower among persons who participated in several sport disciplines. They also had a physically
lighter work-load, and were more highly educated. Among women, those who participated in
several sport disciplines less often reported having children. Women who did not participate
in sports, or men who did not participate in sports or participated in only 1-2 sport disciplines
slightly more often reported having a chronic disease. Current smoking showed the highest

prevalence in those who did not participate in any sports.

Sport disciplines

Walking, bicycling and jogging were the most popular aerobic sports, while floorball among
men and aerobics among women were the most popular mixed sports (Table II). Table II also
shows the mean WC values by sport. Those not participating in any sport had the largest WC

means, while the individual sports showed a large degree of variation in mean WC values.

Participation in a higher number of sport disciplines was associated with a smaller WC
among both genders (Supplement Table I). The linear decrease per each additional sport
discipline was 1.38 cm (95% CI 1.10 to 1.65). The results did not materially alter when
adjusted for LTPA volume (linear decrease 1.04 cm, 95% CI 0.75 to 1.33), diet quality
(0.95cm, 95% CI 0.68 to 1.23), or multiple potential confounders (1.10 cm, 95%CI 0.83 to

1.38).
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Among all the discordant twin pairs, the men and women who participated in five or more
sport disciplines had WC 3.3 cm (95% CI 0.3 to 6.3) and 5.2 cm (95% CI 1.6 to 8.9),
respectively, smaller than that of their co-twins who participated in only 1-2 or no sport
disciplines (Table III). Among the DZ pairs, the difference was greater: 4.8 cm (95% CI 0.4
t0 9.1) in men, and 11.2 cm (95% CI 4.4 to 18.0) in women. Significant within-pair
differences were also seen in BMI and diet quality in women, but not in men. No differences

were detected in WC, BMI or diet quality among the 43 discordant MZ pairs.

Types of sports

After re-classifying the twins into eight groups for possible combinations of participation (or
no participation) in aerobic, power, and mixed sports, all three types of sports were
individually associated with smaller WC among men (Table IV and Supplement Table II). In
women, participation in power and/or mixed sports, regardless of participation in aerobic
sports, was related to smaller WC. Adjusting for LTPA volume, diet quality, and multiple

potential confounders did not substantially alter the results (Table IV).

Discussion

Among young adults in their mid-30s, the number of sport disciplines participated in was
inversely associated with WC. This was also seen in the discordant twin pair analysis.
However, the discordant MZ twin pairs had no difference in WC. Additionally, each of the
three types of sports was individually associated with smaller WC in men, while, only mixed

and power sports were associated with smaller WC in women.

Intervention studies have reported that aerobic exercise is more effective in reducing

abdominal fat than strength training (Ismail et al., 2012). In the present observational study,
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participation in aerobic sports alone showed lower associations with WC than exercise
behaviours that included participation in power and/or mixed sports. A recent cohort study
showed stronger benefits of strength training than aerobic exercise on WC growth (Mekary et
al., 2015), as well another study reported that training adherence, whichever to aerobic or
resistance exercise, one year after a weight loss intervention prevented regain of visceral fat
(Hunter et al., 2010). The inconsistency in the findings between habitual self-selected PA and
intervention trials may be explained by the limited ability of individuals with excess weight
to achieve sufficient intensity and volume of aerobic exercise outside of the trial (Ohkawara,
Tanaka, Miyachi, Ishikawa-Takata, & Tabata, 2007; Westerterp, 1999). With respect to our
sport type categories, 38% and 44% of the men and women participating only in aerobic
sports, reported that in general the average intensity level of their PA was as strenuous as
walking (i.e. the lowest intensity level). Therefore, aerobic exercises performed at low
intensity level may explain why participation in aerobic sports alone was not as beneficial in

this free-living population as might be assumed based on intervention trials.

Previous studies of sport disciplines and health have mainly focused one at a time on specific
sport disciplines, and have found the strongest, if limited, evidence of benefit for football and
running (Oja et al., 2015). In the present study, the smallest mean WC was found in the men
who participated in gymnastics, orienteering, basketball, and jogging/running, and the women
who participated in yoga, golf, skating/roller-skating, and jogging/running. The men and
women who did not participate in any sports had the largest WC, followed by those who
participated in walking, swimming, and volleyball. Overall, mean WC values varied widely
within the individual sport disciplines, and comparison of individual sport to each other is
challenging. However, the number of sports disciplines participated in was inversely

associated with WC. Although the number of sport disciplines participated in correlated with
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the volume of physical activity, the association between WC and the number of sport
disciplines participated in persisted after adjusting for the overall volume of physical activity.
In line with our findings, da Silva Garcez et al. (2015) showed that women who had
participated in five or more different physical activities in adolescence were less likely to be
abdominal obese in adulthood. The benefits of diverse sport participation may be manifold.
From the exercise adherence perspective, Borodulin et al. (2012) found that participation in
many types of sports in young adulthood was associated with lesser inactivity in adulthood.
Another study among young men showed that participation in several different sports may
protect from harmful effects of single-risk sport, such as musculoskeletal problems (Auvinen

et al., 2008).

In abdominal obesity prevention, it seems less important to focus on single sports and more
important to encourage participation in a diversity of sports. In exercise counselling,
individuals’ exercise preferences are in the centre, as intrinsic motivation is crucial for long-
term exercise maintenance (Teixeira, Carraca, Markland, Silva, & Ryan, 2012). Popular sport
disciplines should be diversely incorporated into future study designs, especially in
intervention studies that test feasible ways to prevent abdominal obesity. It should be
remembered that the associations found in this study may be bi-directional: participation in
certain sport disciplines and sport types may impact on body composition, or it may be that a
certain body composition facilitates participation in specific sports. It can be assumed, for
example, that so-called low-threshold sports, such as walking, which are easy to perform
without specific equipment or skills, travel to a specific sport venue, or participation fees,
may be favoured by occasionally active persons. Similarly, walking, bicycling, and

swimming are among the easier exercises most likely to be adopted by persons with excess
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weight or low physical fitness. Thus, the possibility of reverse causation (Bauman et al.,

2012) also exists between body composition and sports.

Our analysis of all the discordant twin pairs confirmed the inverse relationship between the
number of sport disciplines participated in and WC, and enabled the results to be controlled
for various confounding childhood experiences as twins are usually reared together. We were
unable to replicate the results for the discordant MZ twin pairs. This may be due to the
sharing of the genetic background seen in twin studies of sports activity and abdominal
obesity (de Geus et al., 2014). To date, however, only a few studies have identified some
genetic variants associated with body composition and physical activity (Reddon et al.,
2016). A possible explanation is that the small number of discordant MZ pairs reduced the
power to detect possible differences. According to the earlier studies, a substantial difference
in physical activity volume over longer periods leads to the differences in intra-abdominal fat
among MZ twins as well (Leskinen et al., 2009; Rottensteiner et al., 2016). A strength of the
present study was the possibility to adjust the results for diet quality, although this did not
materially change the results. One of the limitations of the study is the use of self-reported
data, which can lead to reporting bias; however, this method enabled the large observational
data collection, including self-measured WC. Owing to the cross-sectional study design we
are unable to draw causal inferences. It should be noted, when interpreting the results, that
some of the sport disciplines included in this study are highly seasonable (e.g. cross-country
skiing). The generalizability of the results is fairly good, as the BMI values of our sample of
twins resemble or are slightly lower than those of the general Finnish population (Peltonen et

al., 2008).
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Conclusion

Among young adults in their mid-30s, the number of sport disciplines participated in was
inversely associated with WC, also after adjusting for overall LTPA volume. The association
was also seen in twin pairs discordant for the number of sports disciplines. In men, all three
types of sports (aerobic, power, and mixed) were individually associated with a smaller WC,
while in women, only mixed and power sports showed this association. With respect to
exercise counselling, promoting participation in a diversity of sports rather than specific
sports may be beneficial in terms of preventing abdominal obesity among adults in everyday

life.
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Table I. Characteristics of the study participants by gender and number of sport disciplines

participated in.

A) B) 0 D)
No sport 1-2 3-4 5 or more
Men, N=1874 sport sport sport
disciplines disciplines disciplines
n=105 n=733 n=595 n=441
Age, mean (SD) (y) 342 (1.4) 33.9(1.2) 34.0 (1.3) 34.0 (1.3)
Weight, mean (SD) (kg) 86.1 (16.7)°  83.7 (14.7)P 83.3 (13.2)° 81.1 (10.9)ABC
Height, mean (SD) (cm) 178.4 (6.8) 179.0 (6.7)P 179.6 (6.6) 180.2 (6.6)8
BMI, mean (SD) (kg/m?) 27.0 (4.8)P  26.0 (3.9)P 258 (3.6)*P 249 (2.8)ABC
LTPA-volume?, mean (SD) (MET-h/d) 1.1 (1.4)BCP 3.5 (3.3)ACD 5.2 (428D 6.7 (4.6)ABC
Dietary quality®, mean (SD) 6.1 (1.8)BCP 6.8 (2.1)ACP 7.5(2.2)ABP 8.1 (1.9)4BC
P for trend
Work-related PA, % (n) <0.001
Sedentary 26 % (27) 39.4% (288) 49.6% (295) 57.1% (252)
Standing or walking at work 15.4% (16) 18.9% (138) 23.0% (137) 17.5% (77)
Light manual work 29.8% (31) 22.4% (164) 14.8% (88) 16.6% (73)
Heavy manual work 21.2% (22) 13.8% (101) 8.7% (52) 6.6% (29)
Not working or studying 7.7% (8) 5.5% (40) 3.9% (23) 2.3% (10)
Educational level, % (n) <0.001
Primary 6.7% (7) 4.5% (33) 2.5% (15) 1.6% (7)
Secondary 71.4% (75) 58.5% (428) 44.9% (267) 39.2% (173)
Tertiary 21.9% (23) 37% (271) 52.6% (313) 59.2% (261)
Children, % (n) 0.672
Yes 61.0% (64) 55.1% (403) 54.4% (323) 54.8% (241)
Chronic diseases, % (n) <0.001
Yes 22.9% (24) 18.2% (133) 15.0% (89) 10.3% (45)
Smoking status, % (n) <0.001
Current (daily) smoker 44.8% (47) 26.7% (196) 17.3% (103) 10.0% (44)
Occasional smoker 7.6% (8) 12.1% (89) 13.3% (79) 11.6% (51)
Quitters 19.0% (20) 23.6% (173) 24.4% (145) 21.1% (93)
Never smoked 28.6% (30) 37.5% (275) 44.9% (267) 57.4% (253)
Alcohol use, % (n) 0.122
Daily 10.5% (11) 6.6% (48) 4.2% (25) 2.9% (13)
1-2 times a week 54.3% (57) 57.2% (419) 59.0% (351) 62.1% (274)
1-2 times a month 20.0% (21) 20.5% (150) 22.7% (135) 20.4% (90)
Less than once a month 8.6% (9) 10.0% (73) 8.2% (49) 9.5% (49)
Never 6.7% (7) 5.7% (42) 5.9% (35) 5.0% (22)
A) B) (O)] D)
No sport 1-2 3-4 5 or more
Women, N=2153 sport sport sport
n=84 disciplines disciplines disciplines
n=771 n=805 n=493
Age, mean (SD) (y) 33.9(1.3) 34.0 (1.3) 34.0 (1.3) 33.9(1.2)
Weight, mean (SD) (kg) 70.7 (17.4)°  67.0 (14.2)° 65.9 (12.7)P 63.9 (9.7)ABC
Height, mean (SD) (cm) 166.0 (5.8) 165.6 (6.0) 165.8 (5.7) 166.4 (5.6)
BMI, mean (SD) (kg/m2) 25.7 (6.0)P  24.4 (5.0)P 24.0 (4.4)»P  23.1 (3.3)ABC
LTPA-volume?, mean (SD) (MET-h/d) 1.0 (1.2)BSP 3.0 (3.2)ACP 4.4 (3.8)ABD 7.1 (5.0)4BC
Dietary quality®, mean (SD) 6.8 (2.0)BCP 7.8 (2.0ACP 8.4 (2.1)ABD 9.0 (1.8)ABC
P for trend
Work-related PA, % (n) <0.001
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Sedentary 35.7% (30)  322%(248)  40.3% (324)  47.6% (234)

Standing or walking at work 16.7% (14) 19.1% (147) 20.3% (163) 25.8% (127)
Light manual work 25.0% (21) 25.9% (200) 23.0% (185) 18.5% (91)
Heavy manual work 1.2% (1) 3.1% (24) 2.2% (18) 0.8% (4)
Not working or studying 21.4% (18) 19.7% (152) 14.1% (113) 7.3% (36)
Educational level, % (n) <0.001
Primary 8.3% (7) 3.2% (25) 1.9% (15) 1.0% (5)
Secondary 50.0% (42) 48.1% (371) 39.9% (321) 30.6% (151)
Tertiary 41.7% (35) 48.6% (375) 58.3% (469) 68.4% (337)
Children, % (n) <0.001
Yes 67.9% (57) 68.4% (527) 62.4% (502) 56.6% (279)
Chronic diseases, % (n) 0.041
Yes 27.4% (23) 16.1% (124) 16.8% (135) 14.8% (73)
Smoking status, % (n) <0.001
Current (daily) smoker 32.1% (27) 21.4% (165) 14.9% (120) 7.7% (38)
Occasional smoker 8.3% (7) 8.6% (66) 8.1% (65) 10.1% (50)
Quitters 19.0% (16) 21.7% (167) 20.8% (168) 20.3% (100)
Never smoked 40.5% (34) 48.4% (373) 56.1% (451) 61.9% (305)
Alcohol use, % (n)
Daily 4.8% (4) 1.4% (11) 1.2% (10) 0.6% (3) <0.001
1-2 times a week 34.5% (29) 36.6% (282) 43.0% (346) 41.8% (206)
1-2 times a month 27.4% (23) 29.6% (228) 28.4% (229) 33.9% (167)
Less than once a month 23.8% (20) 26.0% (200) 22.0% (177) 15.0% (74)
Never 9.5% (8) 6.4% (49) 5.3% (43) 8.7% (43)

Notes: SD, standard deviation; BMI, body mass index, LTPA, leisure-time physical activity; PA, physical activity.
Superscripts PSP indicate statistically significant differences (P-value <0.05) between groups differing for the number of
sport disciplines participated in.

2LTPA and commuting activity expressed as MET-h/day

b Dietary quality score 0-12 points
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Table II. The most popular sport disciplines and waist circumference among young adult twins in Finland.

Men N=1874 Women N=2153
Sport discipline Sport type?* n WC (cm) Sport discipline Sport type* n WC (cm)
mean (95% CI) mean (95% CI)

No sport 105 96.8 (93.9 t0 99.7) No sport 84 84.6 (81.3 to 87.9)
Walking /Nordic walking  Aerobic 791 93.7 (92.9 to 94.6) Walking /Nordic walking  Aerobic 1618 81.2 (80.5 to 81.8)
Bicycling Aerobic 696  91.3(90.5t092.2) Bicycling Aerobic 826 80.1 (79.3 to 80.8)
Jogging/running Aerobic 693  89.6 (88.8 t0 90.3) Jogging/running Aerobic 721 76.9 (76.3 to 77.5)
Gym training Power 690 91.0 (90.2 t0 91.7) Gym training Power 611 78.4 (77.6 to 79.3)
Cross-country skiing Aerobic 446  90.4 (89.5t091.3) Swimming Aerobic 580 82.3 (81.2 t0 83.4)
Swimming Aerobic 359 932 (91.9t094.4) Cross-country skiing Aerobic 445 77.9 (77.0 to 78.8)
Floorball Mixed 333 91.4 (90.4 t0 92.5) Aerobics Mixed 398 78.7 (77.7 t0 79.7)
Badminton Mixed 223 90.7 (89.4 t0 92.0) Dance Aerobic 308 79.0 (77.8 t0 80.2)
Football Mixed 204 90.5(89.2t091.9) Gymnastics Other 200 79.6 (78.1 to 81.1)
Downbhill skiing / Mixed 204  90.5(89.2t091.9) Downbhill skiing / Mixed 197 78.4 (76.9 to 79.9)
snowboarding snowboarding
Skating/roller-skating Aerobic 189 90.9 (89.5t0 92.2) Skating/roller-skating Aerobic 171 76.7 (75.4 to 78.1)
Ice-hockey Mixed 136 91.6 (90.1 t0 93.2) Horse riding Other 138 77.5(75.9t0 79.1)
Golf Aerobic 122 89.9(88.3t091.5) Yoga Other 75 76.0 (74.3 t0 77.7)
Tennis Mixed 104 91.1(89.31t092.9) Floorball Mixed 67 79.5 (77.5 to 81.5)
Martial art Mixed 93 90.5 (88.4 t0 92.6) Badminton Mixed 66 80.7 (78.0 to 83.5)
(e.g. Judo, Karate)
Volleyball Mixed 85 92.7 (90.5 to 94.9) Golf Aerobic 59 76.3 (74.6 to 78.0)
Rinkball Mixed 54 90.0 (87.9 t0 92.1) Tennis Mixed 50 77.4 (74.5 t0 80.4)
Orienteering Aerobic 54 87.6 (84.9 t0 90.3) Martial art Mixed 47 80.1 (77.5 to 82.7)

(e.g. Judo, Karate)
Rowing / canoeing Aerobic 50 90.2 (87.2 t0 93.3) Pilates Other 47 78.4 (75.2 t0 81.6)
Gymnastics Other 38 87.5 (84.6 t0 90.3) Volleyball Mixed 42 82.5(79.1 to 86.0)
Basketball Mixed 34 89.2 (85.8 t0 92.6) Rowing / canoeing Aerobic 37 79.1 (76.0 to 82.1)
Squash Mixed 34 90.7 (88.3 t0 93.1) Football Mixed 33 79.8 (76.9 to 82.8)
Dance Aerobic 32 91.2 (87.3t0 95.0) Orienteering Aerobic 32 77.8 (74.2t0 81.4)

Indoor cycling /spinning  Aerobic 32 80.0 (75.8 to 84.3)

Notes: WC, waist circumference; CI, confidence interval. Sport disciplines with N lower than 30 are not presented in the table.

2 Aerobic: sport disciplines mainly improving aerobic fitness, Power: sport disciplines mainly improving muscle strength, Mixed: sport disciplines mainly improving both

aerobic fitness and muscle strength, Other type of sport: sport disciplines mainly improving something else (e.g. skill/technique).
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Table III. Waist circumference, body mass index, dietary quality, and LTPA volume among co-twins discordant® for the number of sport
disciplines participated in.

Men Women
Twin 1 Twin 2 Twin 1 Twin 2
Pairs, Mean (SD) Mean (SD) Mean intrapair P-value Pairs, Mean (SD) Mean (SD) Mean intrapair P-value
N difference N difference (95%CI)
(95%CI)
All same sex pairs 55 44
WC (cm) 93.0(11.6) 89.7(8.3) -3.3(-6.3t0-0.3) 0.034 82.8(12.9) 77.6 (9.8) -5.2(-8.9to -1.6) 0.011
BMI (kg/m?) 259 (4.0) 25.1(3.0) -0.8 (-1.8 10 0.2) 0.119 24.8 (5.4) 23.4 (4.3) -1.4 (2.6 t0 -0.2) 0.041
Dietary quality® 6.8 (1.9) 7.5 (1.6) 0.7 (0.03 to1.4) 0.064 8.1(2.0) 9.2 (1.8) 1.0 (0.3to0 1.8) 0.010
LTPA-volume® 2.6 (2.6) 5.7 (4.5) 3.0(1.7to 4.4) <0.001 3.13.2) 6.7 (5.5) 3.6(1.8t05.4) <0.001
Dizygotic pairs 36 20
WC (cm) 94.8 (12.6) 90.1(7.2) -4.8 (-9.1t0-0.4) 0.033 87.2(13.1)  76.0(9.0) -11.2 (-18.0to -4.4)  0.003
BMI (kg/m?) 26.5 (4.3) 25.1(2.8) -1.3 (-2.8t00.1) 0.065 25.4(5.4) 22.7 (3.8) -2.8(-5.2t0-0.4) 0.025
Dietary quality® 7.1(1.9) 7.6 (1.7) 0.5(-0.3 t0 1.3) 0.223 7.8 (2.0) 9.3(1.8) 1.5 (0.01 to 3.0) 0.024
LTPA-volume*® 3.0(2.8) 5.8 (4.6) 2.8 (1.0 to 4.6) 0.003 2.0 (1.7) 6.1 (4.3) 4.1(1.7t06.5) 0.002
Monozygotic pairs 19 24
WC (cm) 89.5 (8.4) 89.1(10.2) -0.4(-3.4t02.5) 0.768 79.1(11.7)  789(104) -0.2(-2.7t02.3) 0.865
BMI (kg/m?) 24.7 (2.9) 25.0(3.3) 0.2 (-0.8 to 1.3) 0.629 24.3 (5.5) 24.0 (4.7) -0.3 (-1.2t0 0.6) 0.525
Dietary quality® 6.2 (2.0) 7.4 (1.5) 1.2 (-0.2 to 2.5) 0.098 8.5(2.0) 9.1(2.0) 0.6 (-0.1to 1.4) 0.105
LTPA-volume® 1.8 (1.9) 5344 3.5(1.5t05.5) 0.002 4.0 (3.8) 7.2 (6.4) 3.1(0.3t05.9) 0.030

Notes: LTPA, leisure-time physical activity; SD, standard deviation; CI, confidence interval; WC, waist circumference; BMI, body mass index.
2Twin 1= participated in 0 to 2 different sport disciplines, Twin 2= participated in 5 or more different sport disciplines.

b Dietary quality score 0-12 points.

¢LTPA and commuting activity expressed as MET-h/day.
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Table IV. Linear model of types of sport significantly predicting waist circumference.

WC (cm),
B (95%CI) P-value
Model 1
Men
Aerobic -2.07 (-3.49 to -0.66) 0.004
Power -2.98 (-4.51 to -1.45) <0.001
Mixed -3.16 (-4.53 to -1.79) <0.001
Power x Mixed 2.36 (0.38 to 4.34) 0.020
Women
Power -2.72 (-3.76 to -1.67) <0.001
Mixed -1.84 (-2.82 to -0.87) <0.001
Model 2
Men
Aerobic -1.71 (-3.11 t0 -0.32) 0.016
Power -1.81 (-3.34 t0 -0.28) 0.021
Mixed -2.32 (-3.69 to0 -0.95) 0.001
Power x Mixed 2.16 (0.19 to 4.13) 0.031
Women
Power -1.48 (-2.59 t0 -0.37) 0.009
Mixed -0.95 (-1.93 t0 -0.33) 0.060
Model 3
Men
Aerobic -1.63 (-3.04 to -0.22) 0.023
Power -2.42 (-3.91 t0 -0.92) 0.002
Mixed -2.97 (-4.32to0 -1.61) <0.001
Power x Mixed 2.19 (0.24 to 4.14) 0.027
Women
Power -2.39 (-3.43 to -1.35) <0.001
Mixed -1.63 (-2.60 to -0.66) 0.001
Model 4
Men
Aerobic -1.43 (-2.86 10 0.01) 0.051
Power -2.64 (-4.20 to -1.09) 0.001
Mixed -2.81 (-4.19 to -1.44) <0.001
Power x Mixed 2.27(0.29 to 4.25) 0.025
Women
Power -2.50 (-3.55to -1.45) <0.001
Mixed -1.37 (-2.34 to0 -0.40) 0.006

Notes: WC, waist circumference; CI, confidence interval.

Model 1: No covariates in the model, Model 2: Adjusted for leisure-time physical activity volume, Model 3:

Adjusted for dietary quality, Model 4: Multiple adjustment for age, work-related physical activity, educational

level, number of children, chronic diseases, alcohol use, smoking status.
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Sport disciplines, types of sports, and waist circumference in young adulthood - a

population-based twin study

Online Supplemental Material

Supplement material 1
What kind of leisure-time physical activities/sports disciplines/exercises do you participate in? (you
can choose several sports)

1 Walking/Nordic walking 11 Floorball 21 Golf

2 Jogging/running 12 Football 22 Downhill skiing/snowboarding
3 Bicycling 13 Ice-hockey 23 Horse riding

4 Cross-country skiing 14 Rinkball 24 Orienteering

5 Swimming/water running 15 Volleyball 25 Rowing/canoeing

6 Skating/roller-skating 16 Basketball 26 Martial art

7 Gym training 17 Finnish baseball 27 Other, what?

8 Aerobics 18 Badminton

9 Gymnastics 19 Squash

10 Dance 20 Tennis

Note: The original Finnish formulation of this question covers both competitive and recreational
sports and exercises.

Supplement Table I. Number of sport disciplines participated in and waist circumference
among young adult men and women.

Number of Men, N=1874 Women, N=2153

sport WC (cm), WC (cm),
disciplines® n (%) mean (95% CI) n (%) mean (95% CI)
1o 105 (5.6) 96.8 (93.9 t0 99.7) 84 (3.9) 84.6 (81.3 to 87.9)
2) 12 733 (39.1)  93.6(92.7 to 94.4) 771 (35.8) 82.4 (81.5to 83.4)
3) 34 595(31.8)  92.0(91.1t0 92.9) 805 (37.4) 80.5 (79.6 to 81.3)
4) 5 or more 441 (23.5) 89.6 (88.7 t0 90.4) 493 (22.9) 77.5(76.7 to 78.3)

WC, waist circumference; CI, confidence interval
2Includes all sport disciplines (also seasonal sports) that the person reported participating in
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Supplement Table II. Participation in different types of sports and waist circumference
among young adult men and women.

Men, N=1874 Women, N=2153
Sport type WC (cm), WC (cm),
Aerobic Power Mixed n (%) mean (95% CI) n (%) mean (95% CI)
- - - 116 (6.2) 96.5(93.7 t0 99.2) 113 (5.2) 83.0 (80.2 to 85.8)
+ - - 508 (27.1)  94.1 (93.0 t0 95.3) 976 (45.3)  82.1(81.3t082.9)
- + - 46 (2.5) 93.4(90.9 t0 95.9) 18 (0.8) 77.9 (73.2 to 82.5)
- - + 112 (6.0) 92.8 (91.0 to 94.5) 29 (1.3) 78.5(75.5t0 81.5)
+ + - 282 (15.0)  91.2(89.9t0 92.4) 290 (13.5)  79.0(77.7 to 80.2)
+ - + 441 (23.5) 91.1(90.1t092.1) 412 (19.1)  80.0(79.0 to 81.0)
- + + 36 (1.9) 92.6 (89.8t095.4) 11 (0.5) 81.5(75.3 to 87.8)
+ + + 333 (17.8) 90.4 (89.4t091.4) 304 (14.1)  77.8(76.7 to 78.9)

Notes: WC, waist circumference; CI, confidence interval. Aerobic: sport disciplines mainly improving aerobic
fitness, Power: sport disciplines mainly improving muscle strength, Mixed: sport disciplines mainly improving
both aerobic fitness and muscle strength.
- No participation in a sport discipline classified in that group.

+ Participation in at least one sport discipline classified in that group.
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ABSTRACT
ROTTENSTEINER, M., T. LESKINEN, E. NISKANEN, S. AALTONEN, S.
MUTIKAINEN, J. WIKGREN, K. HEIKKILA, V. KOVANEN, H. KAINULAINEN, J.
KAPRIO, I. M. TARKKA, and U. M. KUJALA. Physical activity, fitness, glucose
homeostasis, and brain morphology in twins. Med. Sci. Sports. Exerc. Vol. xx, No. Xx, pp.
XXXX-XXXX, XXxX. Purpose: The main aim of the present study (FITFATTWIN) was to
investigate how physical activity level is associated with body composition, glucose
homeostasis, and brain morphology in young adult male monozygotic (MZ) twin pairs
discordant for physical activity. Methods: From a population-based twin cohort, we
systematically selected 10 young adult male MZ twin pairs (age range 32—-36 y) discordant for
leisure-time physical activity during the past 3 years. Based on interviews, we calculated a
mean sum index for leisure-time and commuting activity during the past 3 years (3-y LTMET
index expressed as MET-h/d). We conducted extensive measurements on body composition
(including fat% measured by dual-energy X-ray absorptiometry), glucose homeostasis
including HOMA index and insulin sensitivity index (Matsuda index, calculated from glucose
and insulin values from an oral glucose tolerance test), and whole brain magnetic resonance
imaging for regional volumetric analyses. Results: According to pairwise analysis, the active
twins had lower body fat% (P = 0.029) and HOMA index (P = 0.031), and higher Matsuda
index (P =0.021) compared to their inactive co-twins. Striatal and prefrontal cortex (sub-
gyral and inferior frontal gyrus) brain gray matter volumes were larger in the non-dominant
hemisphere in active twins compared to inactive co-twins with a statistical threshold of P <
0.001. Conclusions: Among healthy adult male twins in their mid-thirties, a greater level of
physical activity is associated with improved glucose homeostasis and modulation of striatum
and prefrontal cortex gray matter volume independent of genetic background. The findings

may contribute to later reduced risk of type 2 diabetes and mobility limitations.
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INTRODUCTION

Paragraph Number 1 High levels of leisure-time physical activity and physical fitness are
associated with reduced levels of total and visceral fat, lowered cardiometabolic risk factors,
better cognitive function, reduced mortality, and reduced prevalence of metabolic syndrome,
type 2 diabetes, and coronary heart disease (5,16,29,30). In many diseases, such as coronary
heart disease, type 2 diabetes, and Alzheimer’s disease, a long pre-symptomatic phase is
thought to precede clinical onset. Hence, studies assessing a low level of physical activity as a
potential risk factor for such diseases among middle-aged or older people require long follow-
up times to avoid influence on the investigated risk factors from preclinical pathogenic
processes or changes in physical activity levels arising from the prodromal phase of a disease.
Paragraph Number 2 In exercise science, very long-term intervention studies are
challenging to accomplish for both funding and logistical reasons. Purely observational
follow-up studies, even in a longitudinal setup, also present problems in establishing cause-
and-effect relationships. If, because of genetic susceptibility, a person becomes ill, gains
weight, or has naturally low aerobic fitness, the result can be inactivity with the consequence
of selection bias in observational studies (13). Various studies have shown that physical
fitness and the ability to achieve high levels of physical activity also have genetic components
(6,36). Inherited biological characteristics may make it easier for individuals to exercise and
therefore may favor them with lower morbidity and mortality because of this interaction (13).
Childhood environment also plays a role in adult exercise behavior. A monozygotic (MZ)
twin-pair study design controls for somatic genetic predisposition (MZ pairs are genetically
identical at the sequence level) and largely controls for childhood home environment because

the pairs almost always share the same childhood environment.



Paragraph Number 3 According to individual-based observational studies, healthy
elderly adults who have a high aerobic fitness level maintain larger specific brain volumes,
especially in the hippocampus, compared to their less physically active age-matched controls
(9). A larger right hippocampus is also implicated in younger exercising adults compared to
those not exercising (11). However, theoretically, the observed difference reported by
Killgore et al. (11) may be explained by other associated unstudied factors among unrelated
individuals whereas MZ twin pairs usually show similar regional brain volumes (37).

Paragraph Number 4 The main aim of the present co-twin control study (the
FITFATTWIN study) was to investigate how physical activity level is associated with body
composition, glucose homeostasis, and brain morphology in young adult male MZ twin pairs
discordant for physical activity. We studied young adult males to see whether differences
arising from differing physical activity levels are observable under conditions in which
chronic diseases are uncommon, and medications or possible prodromal phases thus do not

interfere with interpretation of findings.

METHODS
Participants
Paragraph Number 5 We recruited 17 young adult male MZ twin pairs for the
FITFATTWIN study among whom 10 pairs were determined to be discordant for leisure-time
physical activity during the past 3 years. The selection process is described in detail below.
Paragraph Number 6 The participants for this study were initially identified from the
FinnTwin16 Cohort, which is a population-based, longitudinal study of Finnish twins born
between October 1974 and December 1979 (10). All twins had been sent by mail a paper
questionnaire at ages 16, 17, 18.5, and 22-27 (mean of the last range, 24.5). The latest data

collection (wave 5), using a web-based questionnaire, was conducted when the twins were



ages 32-37 (mean 34.0). All questionnaires included questions related to health, body
composition, and physical activity. A total of 4183 twin individuals (1880 males) responded
to the latest web-based questionnaire, and the response rate for the overall cohort was 71.9%.
The responders included 202 male MZ pairs with data on physical activity from both co-
twins. The zygosity of the twins was determined by means of a validated questionnaire (33).

Paragraph Number 7 The selection of the twin pairs for the FITFATTWIN study was
done based on data gathered with a telephone interview, face-to-face interview, and medical
examination at the laboratory, in addition to the web-based questionnaire.

Paragraph Number 8 Initially, we selected all of the MZ male twin pairs from the
FinnTwin16 Cohort (wave 5) and estimated their physical activity level based on answers to
questions about leisure-time physical activity. We identified potential participants for the
FITFATTWIN study by screening and including the pairs with the highest discordance in
their leisure-time physical activity (Figure 1). Specifically, the difference in physical activity
between the co-twins of a twin pair was assessed based on frequency of leisure-time physical
activity as follows: The so-called active co-twin of the twin pair was physically active >2
times per week, and the so-called inactive co-twin of the same pair <2 times per month
(inclusion criterion 1 in Figure 1). If this criterion was not met, the physically active co-twin
needed to participate in leisure-time physical activity >2 times/week at an intensity equivalent
to easy or brisk running while the leisure-time physical activity of the inactive co-twin needed
to be less intense and less frequent or of shorter duration, and neither frequency nor duration
could be more than that of his active co-twin (inclusion criterion 2 in Figure 1). Because
chronic diseases can restrict the ability to be physically active, twins with specific chronic
diseases were excluded. Furthermore, twins reporting heavy use of alcohol or use of

medication for a chronic disease were excluded.



Paragraph Number 9 Among the 202 MZ male pairs of the FinnTwin16 Cohort, 26
pairs fulfilled inclusion criterion 1, and 13 pairs fulfilled inclusion criterion 2. All of these
pairs (n = 39) were interviewed by telephone. The interview included questions on current
health and physical activity habits during the past 3 years similar to those asked in our
previous studies (15). Of these 39 pairs, 19 pairs were excluded from the FITFATTWIN study
for the following reasons: declining to take part in the study; having specific acute diseases
that affected the ability to be physically active; failure to attend the telephone interview; or
recent major changes in physical activity levels (Figure 1). Finally, 17 MZ male pairs (10
pairs meeting inclusion criterion 1 and 7 pairs meeting inclusion criterion 2) accepted the
invitation to participate in the study and went through our comprehensive clinical study
measurements and detailed physical activity interviews (Figure 1).

Paragraph Number 10 Final criteria of physical activity discordant twin pairs.
After the FITFATTWIN physical activity interviews (see details below), 10 of these 17 pairs
were classified as discordant for leisure-time physical activity (Figure 1). These 10 pairs met
the following five criteria set for maximal leisure-time physical activity discordance.

1. Inclusion based on criterion 1 or 2, above.

2. A pairwise difference >1.5 MET-h/d (MET, metabolic equivalent) between active and
inactive co-twins in leisure-time physical activity (including work journey activity),
according to the 12-month physical activity interview (12-mo-LTMET index; see
below) (17,38).

3. 12-mo-LTMET index <5 MET-h/d for the inactive co-twin.

4. >1 MET-h/d pairwise difference between active and inactive co-twins in leisure-time
physical activity (including work journey activity) for the past 3 years, according to
the shorter physical activity interview (3-y-LTMET index; see below) (15,19,38).

5. A higher Baecke sport index for the active versus the inactive co-twin (4).



Measurements

Paragraph Number 11 We conducted a series of comprehensive clinical
measurements over two consecutive days (see table in Supplemental Digital Content 1, which
shows the list of measurements with a timetable). All of the main outcome measurements
were carried out blind to physical activity status. All participants were advised not to exercise
vigorously (except for walking and other daily chores) during the 2 days before the
measurements because our aim was to investigate long-term adaptations to exercise. The
measurements reported in this paper are described in more detail below.

Paragraph Number 12 Leisure-time physical activity. The two different structured
physical activity interviews were used to assess the volume of participant leisure-time
physical activity, including work journey activity. First, a shorter retrospective physical
activity interview (15,19,38) was used to assess leisure-time physical activity volume at one-
year intervals over the past 6 years. Leisure-time physical activity volume was quantified as a
leisure-time MET index. Leisure-time physical activities were calculated as frequency (per
month) x duration (min) % intensity (MET) and work journey activity as frequency (five times
per week) x duration (min) % intensity of 4 METs. The results were expressed as a sum score
of MET-h/d (MET index). The mean leisure-time MET index during the past 3 years (3-y-
LTMET index as MET-h/d) was calculated and used as one of the criterion variables for
pairwise comparison of leisure-time physical activity discordance (see above, discordance
criterion 4).

Paragraph Number 13 The second, more detailed, structured interview that was used
to determine the volume of leisure-time activities, daily (non-exercise) activities, and work
journey activity over the previous 12 months employed a modified version of the Kuopio

Ischemic Heart Disease Risk Factor Study Questionnaire (17,38). Here, ‘modified version’



refers to the updated list of activities included in the questionnaire. This questionnaire
contained a 20-item list of different types of physical activity, including leisure-time (e.g.,
running, skiing, and swimming), daily (e.g., gardening, berry-picking, do-it-yourself
activities), and commuting activity (walking or cycling) along with “other” physical activities
specified by the responder. Both twin brothers reported the monthly frequency of each
physical activity session over the previous 12 months. They also reported the average
intensity of their activity sessions on a scale from 1 to 4: 1 = recreational, outdoor activities
that do not cause breathlessness or sweating; 2 = conditioning exercise that induces
breathlessness but not sweating; 3 = brisk conditioning exercise that induces breathlessness
and sometimes sweating; and 4 = competitive, strenuous exercise that induces breathlessness
and extensive sweating. Each self-rated physical activity intensity was converted into MET
values (2,3,17). For each activity, the average duration per exercise session was also reported
to calculate the overall dose of activity (MET x average duration x frequency, MET-h/d). The
overall dose of leisure-time physical activity during the past 12 months (12-mo-LTMET index
as MET-h/d) was calculated by summing the values for leisure-time and work journey
activity, excluding daily activities, and used in the identification of discordant pairs (see
above, criteria 2 and 3). The most common types of leisure-time physical activity reported
were jogging and walking.

Paragraph Number 14 We also used the 16-item Baecke Questionnaire to assess
recent vigorous physical activity (4). We then summed the three indexes (work, sport, and
leisure-time excluding sports) as proposed in the original paper (4). The sport index was used
as a measure of the vigorous physical activity.

Paragraph Number 15 Psychological factors. To evaluate participant motives for
leisure-time physical activity, the Finnish version (for details, see Aaltonen [1]) of the original

73-item version of the Recreational Exercise Motivation Measure (REMM), developed by
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Rogers and Morris (31), was used. The 73 REMM items comprise eight sub-dimensions for
exercise motivation (each with 8 to 13 items). The sub-dimension ‘enjoyment’ (i.e., ‘to have a
good time/I enjoy exercising’), representing intrinsic motivation, was included in this initial
analysis to study its associations with the other characteristics related to physical activity.

Paragraph Number 16 Physical fitness. Cardiorespiratory fitness was measured by a
maximal exercise test with gas exchange analysis (spiroergometry), using an electrically
braked bicycle ergometer. Gas exchange, including oxygen uptake, was measured breath-by-
breath with a Vmax spiroergometer (Sensormedics, Yorba Linda, CA, USA). The work load
started at 25 W and was increased stepwise by 25 W every 2 min until exhaustion, or until
maximal exercise capacity was reached, using a rate of perceived exertion of 19-20/20 on the
Borg Scale, or a gas exchange ratio (VCO2/VO>) of over 1.1 as the criterion. Maximal oxygen
uptake was determined as the mean value of the two highest consecutive VO, values recorded
during periods of 30 s. Electrocardiogram recordings were performed with the participant at
rest and monitored during exercise and recovery. Blood pressure was measured at rest and
during exercise and recovery at 2-min intervals.

Paragraph Number 17 Maximal isometric left knee extensor force was measured in a
sitting position using an adjustable dynamometer chair (Good Strength, Metitur, Palokka,
Finland) (35). Briefly, the left knee was set at an angle of 60° from full extension. Overall,
four maximal efforts separated by a 30-s pause were performed. The best performance with
the highest value was accepted as the participant’s score. In our laboratory, the coefficients of
variation between two consecutive measurements have been 6%.

Paragraph Number 18 Anthropometrics and body composition. Weight and height
were measured, with the participant in bare feet and light clothing, to the nearest 100 g and
0.5 cm, respectively. Waist circumference was measured midway between the spina iliaca

superior and the lower rib margin, and hip circumference at the level of the greater
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trochanters, both to the nearest half centimeter (21). Whole body composition was determined
after an overnight fast using dual-energy X-ray absorptiometry (DEXA Prodigy; GE Lunar
Corp., Madison, WI USA).

Paragraph Number 19 Blood samples. Ten-hour fasting blood samples were collected
by venipuncture after 10 min of supine rest. Plasma glucose was determined using a Konelab
20 XT (Thermo Fisher Scientific, Vantaa, Finland) and serum insulin with an IMMULITE®
1000 Analyzer (Siemens Medical Solution Diagnostics, Los Angeles, CA, USA). The
homeostatic model assessment (HOMA) index was calculated using the following formula:
(Fasting plasma glucose x Fasting plasma insulin)/22.5 (23). After drawing the fasting blood
samples, an oral glucose tolerance test (OGTT) was performed with a glucose load of 75 g
(GlucosePro, Comed LLC, Tampere, Finland) and blood samples taken at 30 min, 1 h, and 2
h. Plasma glucose and insulin were determined from the samples, as described above. The
Matsuda index (22) (insulin sensitivity index) was calculated according to the web-based
calculator at http://mmatsuda.diabetes-smc.jp/MIndex.html.

Paragraph Number 21 Brain magnetic resonance imaging and voxel-based
morphometry (VBM) preprocessing. Participant brain scans were acquired usinga 1.5 T
whole body magnetic resonance (MR) scanner (Siemens Symphony, Siemens Medical
Systems, Erlangen, Germany). The 3D T1-weighted MPRAGE images of whole brain were
taken with the following parameters: TR = 2180 ms, TE = 3.45 ms, TI = 1100 ms, flip angle =
15°, slice thickness = 1.0 mm, in-plane resolution 1.0 mm X 1.0 mm, and matrix size = 256 x
256. Nine pairs had complete MR images (one pair was excluded for excessive artefacts from
dental work). Three participants were left-handed, and their MR images were axially flipped
to create a database in which all participants had their dominant hemisphere on the left.
Therefore, the VBM results reported here reflect differences in gray matter (GM) volume on

either the dominant or non-dominant hemisphere, not on the right or left hemisphere. VBM
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analyses were performed with VBMS8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) for SPM8
(Wellcome Trust Center for Neuroimaging, UCL, UK) running under Matlab R2010a (The
Mathworks Inc., Natick, MA, USA). First, the MR images were segmented into GM, white
matter (WM), and cerebrospinal fluid (CSF). Images were then normalized to the Montreal
Neurological Institute brain template using a high-dimensional DARTEL algorithm.
Nonlinearly modulated GM images were created to preserve relative differences in regional
GM volume. Finally, the GM volumes were spatially smoothed with 12 mm full width at half
maximum Gaussian kernel. Total intracranial volume was calculated for each individual from

the segmentation maps to be used as a covariate in statistical analysis.

Ethical Approval

Paragraph Number 22 This study was conducted according to good clinical and
scientific practice/guidelines and the Declaration of Helsinki. The Ethics Committee of the
Central Finland Health Care District approved the study plan on 9/29/2011, and all

participants gave their written informed consent.

Statistical Analysis

Paragraph Number 23 Data analyses were carried out as pairwise analyses comparing
inactive vs. active members of twin pairs discordant for physical activity. The normality of
the variables was assessed by the Shapiro—Wilk test. In the pairwise comparison, student’s
paired t-test was used for normally distributed variables and the Wilcoxon matched-pair
signed-rank test for non-normally distributed variables. Effect sizes for the motives for
leisure-time physical activity were calculated as Cohen’s d, which illustrates the strength of
the phenomenon (means divided by the standard deviations). The 95% confidence intervals

(95% CIs) were calculated for the absolute mean differences between the inactive vs. active
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co-twins. The level of significance was set at P < 0.05. Data were analyzed using IBM SPSS
Statistics 19 and StatalC 12 software.

Paragraph Number 24 Brain VBM analysis. The GM volume of the active twin was
compared to that of the inactive co-twin using a paired t-test with total intracranial volume
included in the model as a covariate. A statistical threshold of P < 0.001 (uncorrected) with a

minimum cluster size of 15 voxels was used in the analysis.

RESULTS

Paragraph Number 25 The characteristics of our twin participants are shown in Table
1 and the intrapair differences in Table 2. By definition, the past 3-y-LTMET index, the 12-
mo-LTMET index, and Baecke sport index, all three of which characterize leisure-time
physical activity level, differed between the members of the twin pairs discordant for physical
activity (Table 2). According to our retrospective interviews covering year by year the time 1-
6 years prior the outcome measurements there was a pairwise difference in leisure time
physical activity during past three years but no difference was seen 4-6 years prior to the
examinations. Among these pairs there was no pairwise difference in leisure-time physical
activity according to the questionnaire data collected on the cohort at the mean age of 24.5 y,
nor during their late adolescence based on questionnaire data from ages 16 to 18.5 yrs (see
table in Supplemental Digital Content 2). This means that we investigate the effects of
physical activity differences during the 3-year period before outcome measurements.

Paragraph Number 26 As expected, active twins had higher cardiorespiratory fitness
(P <0.001) compared to their inactive co-twins. Active twins tended to have higher exercise
enjoyment (P < 0.06) with a moderate effect size (Cohen’s d = 0.75) compared to their
inactive co-twins (Table 2). To establish more personal reasons for engaging or not engaging

in leisure-time physical activity, the co-twins were asked to describe in their own words their
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reasons for their physical activity behaviors. Six of the inactive co-twins reported that work
and/or family commitments were the primary reasons for physical inactivity.

Paragraph Number 27 The active twins had a lower body fat percent (P = 0.029)
compared to inactive co-twins, but there was no pairwise difference in the lean mass (Table
2). The Matsuda index was higher (P = 0.021) and the HOMA index lower (P =0.031) among
active twins compared to their inactive co-twins, indicating better insulin sensitivity/lower
insulin resistance among the more active individuals (Table 2).

Paragraph Number 28 Segmentation of brain MR images revealed that total GM,
WM, and CSF volumes were similar between co-twins (P > 0.60 for all comparisons).
However, the VBM analysis indicated regional GM volume differences in the non-dominant
striatum and prefrontal cortex between active and inactive members of the pairs. Specifically,
the putamen (peak voxel coordinates 18, 6, -6; peak T = 8.8; 395 voxels in cluster) in the non-
dominant hemisphere showed larger GM volume in the active twins compared to their
inactive co-twins (Figure 2). In addition, non-dominant prefrontal cortex (sub-gyral and
inferior frontal gyrus (IFG), peak voxel coordinates 34.5, 33, 18; peak T = 6.6; 99 voxels in
cluster) showed larger GM volume in active members than in inactive members of the pair

(Figures 2 and 3).

DISCUSSION

Paragraph Number 29 Our results show that physical fitness and glucose homeostasis
differed between the members of the MZ twin pairs discordant for physical activity,
supporting the argument for a causal association between physical activity and risk factor
profile in healthy young adult men. Interestingly, in MZ twins with a high degree of similarity
in brain structure (38), we observed specific modulation in GM in the striatum and frontal

cortex on the non-dominant hemisphere associated with physical activity. The active member
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of the twin pair had a larger striatal GM volume; furthermore, the non-dominant prefrontal
cortex in the sub-gyral and IFG had a larger GM volume. Because in this age group, total
cortical GM and WM volumes are typically stable, our finding provides evidence for the
structural effects of long-term physical activity on the healthy adult brain.

Paragraph Number 30 Identifying MZ co-twins who have long-term discordance in
their physical activity habits is challenging because participation in physical activity has a
rather high heritability (14,24). In our comprehensive screening of five consecutive age
cohorts of twins in Finland, we identified 10 male twin pairs who fulfilled our criteria for
discordance in physical activity, which included differential participation in physical activity
between the co-twins during the past 3 years. Members of MZ twin pairs usually have rather
similar health habits because they are reared together at home, and differences mostly arise
after they have moved out of the parental home for study or work. Among the physical
activity—discordant twin pairs, the most commonly reported reason for being physically
inactive given by the inactive members were work- or family-related commitments.

Paragraph Number 31 As expected, physical activity was associated with increased
cardiorespiratory fitness in our pairwise analysis, indicating causality between physical
exercise and fitness. Similar associations were not found for maximum muscular strength or
power, possibly because our participants usually reported participation in aerobic sports. Over
the long term, the finding of increased aerobic fitness among physically active individuals has
clinical significance because low cardiorespiratory fitness is a quantitative predictor of all-
cause mortality (12).

Paragraph Number 32 For body composition, our results accord with those of our
previous studies (19) on older twin pairs highly discordant for physical activity over a long
period of time, where the inactive twins had only slightly higher body weight but markedly

higher body fat% and body fat mass than their active co-twins. This result also is in line with
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the results of intervention studies showing that aerobic exercise leads to visceral fat reduction
in a dose-response manner (26).

Paragraph Number 33 Interestingly, the young co-twins discordant for physical
activity already had differences in their insulin resistance/sensitivity as measured by both a
steady-state (fasting/HOMA) index and dynamic (Matsuda) index. This finding is evidence
for a reduced risk for type 2 diabetes in later life. In addition, it is in line with results of a
randomized controlled trial showing that exercise can prevent the occurrence of type 2
diabetes among people with impaired glucose tolerance (28) and with our previous twin study
showing a lower risk for type 2 diabetes among physically active members of MZ twin pairs
compared to their inactive co-twins (39).

Paragraph Number 34 A novel aim of the present study was to analyze brain
morphology in young adult twin pairs discordant for physical activity. The voxel-wise whole
brain analysis revealed a surprisingly extensive difference in the volume of GM between the
members of the pairs in the striatum in the non-dominant hemisphere and a somewhat smaller
area in the IFG, also in the non-dominant hemisphere, in favor of those with physically active
life style. Reduced basal ganglia volume was associated with metabolic syndrome in a recent
study by Onyewuenyi et al. (27), who analyzed GM region-of-interest volumes of basal
ganglia in participants of an age similar to our group. A reduced basal ganglia volume
(specifically pallidal) was associated with greater odds having metabolic syndrome (27). Also
a large study of elderly persons showed that their walking speed decreased progressively with
the decreasing volume of the basal ganglia (8). Various parts of the basal ganglia are heavily
involved with motor control networks as well as with networks involved in frontal and
prefrontal association areas and limbic networks (25). As for the healthy elderly general
population, 6 months of aerobic exercise intervention increased GM volume in the anterior

cingulate and supplementary motor area (SMA) as well as in the right IFG (7). Increased GM
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volume in the SMA and other frontal cortex regions as well as in the hippocampus has been
associated with various aerobic sport activities when compared to sedentary persons or
nonaerobic athletes (9,34). Our present analysis also implicated non-dominant IFG as a
potential brain region to benefit from long-term physical activity. IFG is heavily connected
with SMA, an important region for planning and initiating motor actions, thus being an
important node in the cognitive-motor network. Recent extensive analysis of IFG functions
revealed four functional clusters, three in the dominant hemisphere involved with language,
memory and emotion, and one in the non-dominant hemisphere involved with fine movement
control. This area is known to have broad anatomical connections to visual and limbic areas
establishing its role in the cognitive-motor network (20). Effects of increased use of motor
planning and execution were observed in the present GM volumes. Our young healthy twins
did not show GM differences in areas connected to memory performance, such as
hippocampi. It is noteworthy, that the association between aerobic fitness and larger
hippocampal volumes has been shown in elderly adults with diverse backgrounds (9) and it is
possible that our twins’ hippocampus-mediated memory functions were at a general healthy
level with absence of detectable pathology. Thus we could not detect changes affected by
exercise or the pairwise differences were so small that they did not reach high enough
statistical power to be detected in our analyses. Increased GM volumes presumably reflect the
capability of the structures in question to modulate their function, e.g., to enhance local
dendritic complexity. It is assumed that neuroplasticity, well known in animal and human
pathological studies, is the mechanism behind the increased GM volumes. The overall
interpretation is that the capacity of the brain to coordinate motor activities and the necessary
associative and cognitive functions in the frontal cortex is improved.

Paragraph Number 35 The limitations of our study include the low number of twin

pairs discordant for physical activity despite our nationwide search. Because of this low
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number, we had to use a relatively low statistical threshold in the VBM analysis (uncorrected
P <0.001). On the other hand, focusing on young healthy adult males helped us to avoid bias
arising from effects of sex differences, chronic diseases, degenerative changes, or
medications. There was no pairwise difference in the occupational physical loading or in the
daily activities among the studied pairs. There was one smoker in the inactive and the active
co-twin groups, respectively, and the active compared to the inactive members of the twin
pairs did not have statistically significant differences in their diet according to a food
frequency questionnaire (results on diet will be reported in more detail elsewhere). Therefore,
it is unlikely that smoking or dietary differences explain our findings. With respect to the
comparability of our sample with the general population (generalizability), we compared the
participants of this study to the other men from FinnTwin16 Cohort, who participated in the
web-based questionnaire survey at the mean age of 34 (32) (see table in Supplemental Digital
Content 3, which shows the subject characteristics comparisons). Participants of the current
study had somewhat lower BMI and mean physical activity level but otherwise rather similar
subject characteristics compared to the other men in the cohort. The generalizability of the
results to women needs further research. Our future analyses on metabolomics and properties
of skeletal muscle and fat tissues will increase our understanding of the complicated
underlying mechanisms, some of which have already been investigated among older twins
(16,18). Our FITFATTWIN study also includes physical activity—concordant twin pairs (not

included in this report), allowing us to study different associations using a larger population.

Conclusions
Paragraph Number 36 In healthy adult male twins, the level of leisure-time physical
activity is at a young age already associated with factors known to be related to reduced

cardiometabolic risk. A significantly larger striatal GM volume in active twins indicates

19



structural modulation of the brain GM as a result of long-term physical activity. When
studying the effects of physical activity on health, the multi-dimensional influences should be

considered in addition to specific, single variables.
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MZ male twin pairs (N = 202 pairs)

Discordant for physical activity —Survey
guestionnaire criterion 1
(n = 39 pairs)

Discordant for physical activity — Survey
questionnaire criterion 2
(n =22 pairs)

Twin pairs not chosen for telephone
interview due to:

- specific chronic diseases affecting
the ability to be physically active

- alcohol and/or drug abuse

(n = 13 pairs)

Chosen for telephone interview
{n = 26 pairs)

Twin pairs not chosen for telephone
interview due to:

- specific chronic diseases affecting
the ability to be physically active

- alcohol and/or drug abuse

(n =19 pairs)

Chaosen for telephone interview
(n =13 pairs)

Twin pairs not invited due to:

- declining to take part in the study

- specific acute diseases affecting the
ability to be physically active

- failure to attend telephone
interview

- recent major change in physical
activity levels

(n = 13 pairs)

Invited to the study
(n =13 pairs)

Twin pairs not invited due to:

- not wanting to take part in the study
- specific acute diseases affecting the
ability to be physically active

- failure to attend telephone
interview

- recent major change in physical
activity levels

[n =6 pairs)

Invited to the study
(n =7 pairs)

Twin pairs not able to take part in the
study because of work commitments
or for personal reasons

[n =3 pairs)

(n = 10 pairs)

Participated in the study

(n =7 pairs)

Participated in the study

7 pairs

' 3 pairs

3 pairs |

‘ 4 pairs [

{n = 10 pairs)

Classified as physical activity—discordant
pairs (fulfilled 5 final discordance criteria)

Classified as other pairs
(n =7 pairs)

FIGURE 1 - Flow chart of the participants in the FITFATTWIN study.

For selection criteria 1 and 2 and the five final criteria for discordant pairs, see methods.
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Table 1 Characteristics of the male monozygotic twin pairs discordant for physical activity (10 male

monozygotic twin pairs, 20 individuals).

Mean + SD Min Max
Age (y) 339+13 32 36
3-y-LTMET index (MET-h/d) 34+27 0.2 10.4
12-mo-LTMET index (MET-h/d)* 26+1.8 0.1 6.7
Baecke total index 7.8+1.2 5.6 9.8
Baecke sport index 2.7+0.6 1.8 4.0
Exercise enjoyment (5-point Likert scale) 41+0.5 3.1 4.9
VOs-max (ml/kg/min)° 40.3+4.9 31.6 49.1
Leg extension strength (Newton) 605 + 128 430 865
Height (cm) 179.4+5.2 173.0 188.0
Weight (kg) 76.8 +10.5 59.2 95.9
Body mass index (kg/m?) 23.8+2.6 19.8 30.1
Waist circumference (cm) 87.0+7.3 74.5 102.0
Waist-to-hip ratio 0.90 +0.05 0.82 0.99
Fat percent (%) 224+45 14.1 32.0
Fat mass (kg) 17.6+£5.8 10.3 30.8
Lean mass (kg) 56.2+5.4 46.1 63.6
Systolic blood pressure (mmHg) 115+ 10 102 140
Diastolic blood pressure (mmHg) 68+9 50 80
Fasting glucose (mmol/L) 53+£04 4.7 5.9
Fasting insulin (nU) 3.8+22 0.2 8.5
Matsuda index (n = 44) 15.1+14.2 3.7 51.5
HOMA index 0.9+0.6 0.1 2.2

2Excludes daily activities

One active twin did not participate, and for one inactive twin, maximal oxygen uptake was extrapolated based

on his sub-maximal test.
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Table 2 Intrapair differences in male monozygotic twin pairs discordant for physical activity.

Characteristics Inactive Active Mean difference P value
(N=10) (IN=10) (95% CI)
Age (y) 34 (range 32-36)
Physical activity
3-y-LTMET index (MET-h/d) 1.7+£1.3 5.0+£2.7 33(1.9t04.8) 0.001
12-mo-LTMET index (MET-h/d)? 1.2+0.9 39+1.2 2.8(2.0t03.5) <0.001
Baecke total index 72+1.2 84+0.9 1.2(0.6t0 1.9) 0.002
Baecke sport index 22+04 3.1+04 0.9 (0.4t01.3) 0.005
Exercise enjoyment (5-point Likert scale) 39+04 42+0.6 0.3 (-0.02 to0 0.6) 0.060
Physical fitness
VO2.max (ml/kg/min) (n =9 pairs)® 37.3+£3.5 43.6+42 6.3 (4.1t08.5) <0.001
Leg extension force (N) 591 + 146 619+ 114 28 (-43 to 98) 0.65
Body composition
Body height (cm) 179.1+£5.2 179.8+54 0.7(-0.5t0 1.8) 0.21
Body weight (kg) 77.8+£12.7 75.8+8.5 -2.0 (-6.9 t0 2.9) 0.38
Body mass index (kg/m?) 242+33 23.4+1.7 -0.8 (-2.3 t0 0.8) 0.28
Waist circumference (cm) 88.6+8.2 853+6.2 -3.3(-7.4 t0 0.8) 0.099
Waist-to-hip ratio 0.91+0.05 0.89+0.04 -0.02 (-0.04 to -0.003)  0.027
Fat percent (%) 24.0+4.6 20.7+4.0 -3.3(-6.2t0-0.4) 0.029
Fat mass (kg) 192+ 6.6 16.0+4.5 -3.3(-6.7t0 0.2) 0.059
Lean mass (kg) 55.5+6.1 56.9+4.8 1.4 (-0.3 t0 3.0) 0.094
Glucose homeostasis
Fasting plasma glucose (mmol/L) 53+04 52+03 -0.01 (-0.2t0 0.2) 0.92
Fasting plasma insulin (nU) 45+1.7 32+£26 -1.3(-2.6 to -0.1) 0.042
Matsuda index 8.6x£2.2 21.7+18.1  13.1(-0.6 to 26.9) 0.021
HOMA index 1.1+0.5 0.8+0.7 -0.3 (-0.6 to -0.03) 0.031

CI, confidence interval; MET, metabolic equivalent

2Excludes daily activities

One active twin did not participate, and for one inactive twin, maximal oxygen uptake was extrapolated based

on his sub-maximal test.
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T-score

FIGURE 2 - Axial MRI slices extending from inferior tip of putamen (-10) to superior tip of
caudate nucleus (+18) illustrating increased gray matter volume in yellow and red in the non-
dominant hemisphere of active vs. inactive members of twin pairs (9 pairs). D = dominant

hemisphere; ND = non-dominant hemisphere.
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T-score

FIGURE 3 - Coronal MRI slices demonstrating the extent of significantly differing gray
matter volumes in the striatum in the non-dominant hemisphere (+4) and in the sub-gyral,
prefrontal region in the non-dominant hemisphere (+32). The same regions are shown in axial

slices in Figure 2. D = dominant hemisphere; ND = non-dominant hemisphere.
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Supplemental Digital Content

Supplemental Digital Content 1. Timetable of examinations related to the laboratory
visits in FITFATTWIN study.

VISIT 1
Structured instructions for the study measurements
Before | Four-day food diary, food-frequency questionnaire, questionnaire on eating habits
Three-day heart rate monitoring
Day 1
) Standardized interview to assess smoking habits, use of alcohol and dietary habits
12:00 . . . . . : )
m Questionnaires on work-related stress, sleeping habits, exercise habits, and exercise
P motivation
11);1?0 Resting electrocardiography and blood pressure
11);1210 Standardized clinical medical examination with assessment of medications
;?10 Maximal bicycle ergometer exercise test with direct gas analysis (spiroergometry)
7:00 MR imaging of brain (for volumetry), abdomen (for visceral and liver fat), and thigh
pm (for fat and muscle composition)
113?1;00 Beginning of overnight fast
Day 2
7:00 Anthropometric measurement (height, weight, waist and hip circumference) and
am assessment of body composition using bioelectrical impedance and DEXA
irﬁo Basal metabolic rate monitoring and blood pressure
§£0 Fasting serum, plasma, and whole blood (DNA, RNA) samples
?0086 Oral glucose tolerance test
arn. Standardized physical activity history interview
10:50 Vertical jump, maximal isometric left knee extensor strength, and left and right hand
am grip strength measurements
13:15 Neuropsychological tests to study cognitive functions, depression, dexterity, and
rﬁ depression
p EEG
VISIT 11
Structured instruction of exercise before/after biopsy
Before :
Overnight fast
Day 3
8-10 Muscle and subcutaneous adipose tissue biopsies for histological, biochemical, and
am gene expression studies
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Supplemental Digital Content 2. Intrapair differences in leisure-time physical activity
among FITFATTWIN study participants

LTPA Inactive Active Mean P
(N=10) (N=10) difference value
(95% CI)
LTPA MET-h/day *®
12-mo-LTMET index at mean age 34 y 1.2+£09 39+12 28(2.0t03.5) <0.001

3-yr-LTMET index (mean; 1 to 3 years prior 1.7£ 1.3  5.0+£2.7 33(19t04.8) 0.001
to the FITFATTWIN study)

LTPA MET index 1 to 6 years (y) prior to the

FITFATTWIN study
ly 14+15 56+44 43(1.8t06.7) 0.005
2y 1.1£07 56+3.0 44(24t064) 0.001
3y 26+24 39+25 13(-03t02.9) 0.09
4y 34437 34+25 -0.1(3.1t029) 058
S5y 37432 28+26 -09(38t019) 096
6y 33+£3.6 41+37 09(26t044) 058

LTPA MET index at mean age of 24.5 years 50£2.6 45+£35 -05(1.6t00.5) 0.28

LTPA frequency* n n P value®
LTPA frequency at mean age of 34 years 0.063
Not at all 0 0
Less than once a month 3 0
1-2 times a month 4 0
About once a week 2 0
2-3 times a week 1 8
4-5 times a week 0 0
About every day 0 2
LTPA frequency at mean age of 24.5 years 1.0
Not at all 0 1
Less than once a month 0 1
1-2 times a month 1 1
About once a week 3 1
2-3 times a week 5 4
4-5 times a week 1 1
About every day 0 1
LTPA frequency at age 18.5 years (N=18) 1.0
Not at all 0 0
Less than once a month 0 0
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1-2 times a month 0 1
About once a week 2 3
2-3 times a week 3 1
4-5 times a week 3 3
About every day 1 1
LTPA frequency at age 17 years 1.0
Not at all 0 0
Less than once a month 0 0
1-2 times a month 0 1
About once a week 2 1
2-3 times a week 3 2
4-5 times a week 3 3
About every day 2 3
LTPA frequency at age 16 years 1.0
Not at all 0 1
Less than once a month 0 0
1-2 times a month 0 1
About once a week 1 2
2-3 times a week 4 1
4-5 times a week 3 2

About every day 2 3

LTPA, leisure-time physical activity; CI, confidence interval; MET, metabolic equivalent
¥Physical activity during leisure-time and journeys to and from work.

®According to the physical activity interviews in the FITFATTWIN study examinations.
“According to the questionnaire surveys to FinnTwin16 Cohort.

dStata symmetry test.



Supplemental Digital Content 3. Characteristics of FITFATTWIN participants and all

other men from FinnTwin16 cohort?

FITFATTWIN FinnTwin16 P value®
(N=20 men) cohort
(N=1558 men)
Mean (SD) Pc
LTPA MET hours per day ¢ 32+25 4.7+4.2 <0.001
Age (y) 33.7+1.2 339+1.2 0.62
Weight (kg) 76.1 +£10.4 83.3+13.6 0.022
Height (cm) 179.2+5.1 179.5+ 6.6 0.85
Body mass index, mean (kg/m? 23.6+2.3 25.8+3.7 <0.001
Waist circumference (cm) 87.3 £ 8.1 92.4+10.8 0.031
% P

Work-related physical activity 0.63

Sedentary 65.0 46.2

Standing or walking at work 15.0 19.2

Light manual work 10.0 19.3

Heavy manual work 10.0 11.2

Not working or studying 0 4.0
Educational level 0.17

Primary 0 33

Secondary 25.0 493

Tertiary 75.0 47.5
Children 0.40

Yes 45.0 56.1

No 55.0 43.9
Chronic diseases 0.17

Yes 0 153

No 100.0 84.7
Smoking status 0.59

Current (daily) smoker 10.0 20.0

Occasional smoker 15.0 12.3

Quitters 20.0 22.6

Never smoked 55.0 45.1
Alcohol use 0.24

Daily 0 55

1-2 times/week 85.0 58.5

1-2 times/month 15.0 21.5

Less than once a month 0 8.7

Never 0 5.8

LTPA, leisure-time physical activity; MET, metabolic equivalent; BMI, body mass index
FITFATTWIN participants are selected from FinnTwin16 Cohort members. For more detailed classification of

characteristics, see Rottensteiner et al. 2014.

bP-value for difference between FITFATTWIN participants (10 physical activity discordant MZ men pairs) and

all other men from FinnTwin16 cohort.

“Analyzed with the adjusted Wald test (Stata 12.0) by taking into account clustered observations of twins within

pairs.

dLeisure-time physical activity and physical activity during journeys to and from work according to physical

activity questions (Rottensteiner et al. 2014)
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°Analyzed with the Pearson’s 7 test (Stata 12.0) by taking into account clustered observations of twins within
pairs.

Reference: Rottensteiner M, Pietildinen KH, Kaprio J, Kujala UM. Persistence or change in leisure-time physical

activity habits and waist gain during early adulthood: A twin-study. Obesity. 2014; doi: 10.1002/0by.20788. [Epub
ahead of print]
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