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ABSTRACT 

Obesity is a complex global health concern, associated with biological, social, 

psychological, and environmental factors. Obesity increases the risk of 

comorbidities, such as cardiovascular diseases, type 2 diabetes, and forms of 

cancer. To reduce the global burden of obesity, we require further 

understanding of its determinants. Physical inactivity, unhealthy eating 

behaviors, and curtailed sleep have been associated with higher body weight. 

However, most studies have been unable to control for the confounding 

influences of genotype and early life environmental factors. This research 

project aimed to understand how physical activity (PA), eating, and sleep 

behaviors were associated with body mass index (BMI), adiposity, and 

metabolic health, independent of genotype and early environmental factors 

(together “familial” influences). I, together with the research group I belong 

to, secondarily tested how sleep associated with PA and eating behaviors, 

because an interconnection between these behaviors is plausible.  

To overcome confounding by familial factors, we investigated healthy 

(except for obesity) Finnish monozygotic (MZ) twin pairs (Studies I, II, III) 

who share personal factors (e.g., age, sex, and 100% of the DNA sequence) and 

have shared environmental factors during early life (e.g., in utero, family, and 

neighborhood environment). We also investigated same-sex dizygotic (DZ) 

twin pairs who share the same factors, except their segregating genes (only 

~50% overlap). This thesis focused on twin pairs who varied strongly in BMI 

within pairs (BMI difference of at least 3 kg/m²). 

We screened 5,417 young adult (22–36 y) twin pairs from ten full birth 

cohorts to acquire 36 MZ and 46 same-sex DZ twin pairs discordant for BMI 

(∆BMI ≥ 3 kg/m²). A random sample of twin pairs (38 MZ and 31 same-sex 

DZ twin pairs) participated as BMI-concordant twin pairs (∆BMI < 3 kg/m2).  

This thesis incorporated three cross-sectional studies performed under 

natural conditions. Study I addressed the twins’ PA derived from self-reports 

and hip-worn actigraphy and cardiorespiratory fitness from spiroergometry, 

Study II investigated self-reported eating behaviors, and Study III assessed 

sleep behaviors acquired with questionnaires and wrist-worn actigraphy. All 

studies included clinical measurements of BMI, adiposity (e.g., adipose tissue 

mass and location), and metabolic health variables (e.g., insulin sensitivity, 

cholesterol, and inflammation). 

Study I found that in the MZ BMI-discordant twin pairs, the heavier co-

twins took fewer steps daily, performed shorter daily moderate-to-vigorous 

intensity PA (MVPA), and reported less activity through sports, but no 

considerable differences appeared in other subjective and objective PA 

intensities (e.g., sedentary time, light PA) and categories (e.g., work, domestic 

PA). Higher daily steps and longer time spent in MVPA correlated with lower 

whole-body adipose tissue percentage, leptin concentration, and less insulin 
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resistance, regardless of familial influences. MVPA further linked with lower 

low-density lipoprotein (LDL) cholesterol, and light PA negatively associated 

with high-sensitivity C-reactive protein concentration, indicating lower low-

grade inflammation.  

Study II uncovered in MZ and DZ BMI-discordant twins that the heavier 

co-twins displayed higher disinhibited eating, binge-eating scores, body 

dissatisfaction, ate less frequently according to their needs (most ate more 

than they needed), and exhibited less flexible control, independent of DNA and 

shared environment. Leaner and heavier co-twins agreed frequently that 

heavier co-twins have unhealthier eating behaviors in general, and especially 

eat more food and fatty food. Negligible differences arose for feelings of 

hunger, eating restraint, eating due to external or emotional triggers, or self-

reported dietary intake. Overeating behaviors and lack of control over eating 

associated with larger subcutaneous fat – and binge eating with intra-

abdominal fat – but the strongest positive linear link was between body 

dissatisfaction and subcutaneous fat, regardless of familial effects. Optimal 

regulation of food intake correlated with lower subcutaneous fat and better 

insulin sensitivity, and flexible control linked with lower intra-abdominal and 

liver fat and LDL cholesterol. 

Study III observed in MZ BMI-discordant twins that the heavier co-twins 

reported shorter sleep, greater tiredness, more frequent and severe snoring, 

and a chronotype closer to eveningness, regardless of genotype and early life 

environment. Trivial differences emerged for sleep quality, insomnia, and 

sleep schedule, and for objectively measured sleep duration, latency, 

efficiency, and fragmentation. The larger the self-reported sleep debt (sleep 

duration minus sleep need), the higher the disinhibited eating and binge-

eating scores. More snoring correlated with larger subcutaneous, intra-

abdominal, and liver fat, whole-body adipose tissue proportion, LDL, and 

triglycerides.  

In all three studies, none of the behaviors (besides flexible control) differed 

substantially within BMI-concordant twin pairs. 

In conclusion, lower PA, a lack of control over eating, and detrimental sleep 

characteristics were associated with a higher BMI, larger adipose tissue 

storage, and poorer metabolic health, regardless of age, sex, and familial 

influences. The uncovered behaviors might be keys for interventions to 

prevent weight gain, promote weight loss, and benefit metabolic health.  
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TIIVISTELMÄ 

Lihavuus on moniuloitteinen, maailmanlaajuinen terveyshuoli. Suomessa 

noin neljännes väestöstä on lihavia. Lihavuus lukuisine 

liitännäissairauksineen kuormittaa terveydenhuoltoa, mutta 

lihavuussairauksien syntyyn vaikuttavat tekijät tunnetaan yhä puutteellisesti. 

Tässä väitöskirjassa tutkittiin liikunnan, syömisen ja nukkumisen yhteyttä 

kehon painoindeksiin (BMI), lihavuuteen ja aineenvaihduntaterveyteen. 

Kaksostutkimuksen avulla pystyttiin vakioimaan geneettiset ja perheen 

sisäiset tekijät ja täten tutkimaan paremmin lihavuussairauksien syntyyn 

vaikuttavia yksilöllisiä elintottumuksia.

 Tutkimusaineistona käytettiin terveitä suomalaisia samanmunaisia 

(monotsygoottisia, MZ) ja erimunaisia (ditsygoottisia, DZ) kaksospareja. 

Kaikki kaksosparikit olivat samaa sukupuolta ja luonnollisestikin saman 

ikäisiä. Samanmunaisilla kaksosilla geenien emäsjärjestys on sama, kun taas 

erimunaisilla kaksosilla keskimäärin 50 % emäsjärjestyksestä eroaa 

toisistaan. Sekä samanmunaisilla että erimunaisilla kaksosparikeilla elämän 

varhaisvaiheen ympäristötekijät (esimerkiksi kohdussa, perheessä ja 

ympäristössä) ovat samat. Tässä tutkielmassa keskityttiin etupäässä 

kaksospareihin, joilla oli suuret painoindeksin (body mass index, BMI) erot 

parin sisällä (BMI-ero: ∆BMI ≥ 3 kg/m²). Vertailun vuoksi tutkimukseen 

otettiin mukaan myös kaksospareja, joiden BMI on samalainen (∆BMI < 3 

kg/m²). Jokainen kaksospari jaettiin painavampien ja kevyempien 

kaksosparikkien ryhmiin.

Tutkimuksen lähtöaineistona oli kymmenen kaksossyntymäkohorttia (n = 

5 417), jotka olivat iältään 22–36 -vuotta. Tästä aineistosta seulottiin 36 

samanmunaista ja 46 erimunaista kaksosparia, joilla on eri BMI eli ovat 

eripainoisia. Vertailuaineistona toimi 38 samanmunaista ja 31 erimunaista 

samanpainoista kaksosparia.

Väitöskirja koostuu kolmesta poikittaistutkimuksesta. Tutkimuksessa I 

havaittiin, että eripainoisissa kaksospareissa painavammat kaksosparikit 

ilmoittivat harrastavansa vähemmän urheilua ja heillä oli liiketunnistimella 

mitattuna vähemmän kohtuullisesti kuormittavaa tai rasittavaa liikuntaa. 

Tutkimuksessa II kävi ilmi, että painavammilla kaksosparikeilla oli enemmän 

vaikeuksia syömisen hallinnassa ja kehotyytymättömyyttä. Lisäksi heidän 

syömisensä oli vähemmän joustavaa ja he söivät usein tarvettaan enemmän. 

Kumpikin kaksonen oli samaa mieltä siitä, että painavampi kaksonen söi 

enemmän ruokaa, erityisesti rasvaista ruokaa. Tutkimuksessa III havaittiin, 

että painavammat kaksosparikit ilmoittivat nukkuvansa vähemmän, olevansa 

väsyneempiä, kuorsaavansa enemmän ja olevansa kevyempää kaksosparikkia 

useammin iltavirkkuja. Itse ilmoitetun univajeen (unen kesto vähennettynä 

unen tarpeella) havaittiin olevan yhteydessä hallitsemattoman syömisen ja
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ahmimiskäyttäytymisen pisteisiin. Missään tutkimuksessa ei havaittu 

huomattavia käyttäytymiseroja samanpainoisilla kaksospareilla. 

Johtopäätöksenä todetaan, että epäterveellisemmät elintavat olivat 

yhteydessä korkeampaan kehon painoindeksiin, suurempaan 

rasvakudosvarastoon ja heikompaan aineenvaihduntaterveyteen perimästä ja 

perhetekijöistä huolimatta. Ilmi tulleet käyttäytymismallit voivat olla 

keskeisiä tekijöitä lihavuuden torjuntatoimissa. 
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1 INTRODUCTION 

Obesity is a chronic, relapsing, progressive disease process that rapidly 

spreads across the globe and has manifested as an irreversible pandemic to 

date (Bray, Kim, Wilding, & World Obesity, 2017; WOF, 2020). Estimates 

from 2017 state that the worldwide number of adults with overweight (body 

mass index [BMI] 25.0–29.9 kg/m2) totals 1.3 billion, and obesity (BMI ≥ 30 

kg/m2) affects 671 million individuals (NCD-RisC, 2017). Excess weight 

jeopardizes population health via an increased risk of, inter alia, 

cardiovascular diseases (CVD), type II diabetes, and various forms of cancer 

(Kopelman, 2000). The costs of healthcare services due to a high BMI places 

a burden on the world economy of nearly one trillion USD, in Europe 218.5 

billion USD, and in Finland 2.5 billion USD (WHO, 2019; WOF, 2017).  

The magnitude of the obesity pandemic is alarming but not surprising 

when considering the obesogenic environment. The easy access to abundant, 

cheap, and energy-dense foods drives the conscious and unconscious 

overconsumption of unhealthy foods (Swinburn et al., 2011). Furthermore, the 

lack of physical occupational demands (e.g., office jobs, mechanization of 

manual processes), and overload of passive entertainment (e.g., internet, tv) 

stimulate a sedentary lifestyle (Brownson, Boehmer, & Luke, 2005). Artificial 

lighting, use of multimedia, and social demands (e.g., due to 24-hour 

economy) interfere with sleep (Watson, Buchwald, Vitiello, Noonan, & 

Goldberg, 2010), and a lack of sleep has emerged as an important contributor 

to obesity (Bayon, Leger, Gomez-Merino, Vecchierini, & Chennaoui, 2014). 

Moreover, PA, eating behaviors, and sleep might interact with each other and 

together influence obesity. Finland is a typical example of a country that has 

acquired an obesogenic environment over the past 40–50 years (Mustajoki, 

2015) and has now reached worrying levels of overweight and obesity in adults 

(Figure 1) (NCD-RisC, 2017).  

The development of the obesogenic environment outpaced genetic 

adaptation. From an evolutionary point of view, selection pressure likely 

favored genomes that could survive long periods of famine through efficient 

energy storage and mobilization (Blüher, 2019). Since neither the 

environment nor our genome will become leptogenic (promoting leanness) in 

the foreseeable future, adults will have to learn to cope with this. Therefore, it 

is essential to uncover behaviors that may be changeable and foster a normal 

BMI (18.5–24.9 kg/m2) in an obesogenic environment, regardless of one’s 

genetic predisposition and upbringing. To date, most studies on physical 

activity (PA), eating, and sleep behaviors in relation to BMI have been unable 

to control for genetic and early life environmental influences (e.g., in utero, 

family, and neighborhood environment).  

This thesis attempts to minimize these confounding influences through 

investigation of healthy young adult (age 22–36) monozygotic (MZ) and same-
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sex dizygotic (DZ) twin pairs from Finland who share personal (e.g., age, sex, 

and genotype) and early life environmental factors. We focused on MZ twin 

pairs who varied strongly in BMI within pairs (∆BMI ≥ 3 kg/m²). These are 

termed BMI-discordant twin pairs, of which each pair consisted of one leaner 

(lower BMI) and one heavier (higher BMI) co-twin. I, together with my co-

workers, tried to uncover which PA (Study I), eating (Study II), and sleep 

(Study III) behaviors and traits vary along with these large BMI differences. 

Secondarily, in Study III, we investigated associations between sleep, PA, and 

eating behaviors. In Study II, we included same-sex DZ twin pairs with similar 

matched factors as MZ twins, except they share only approximately 50% of 

their segregating genes, whereas MZ twins share 100% of their genotype. In 

Studies I, II, and III, we also examined BMI-concordant pairs to confirm that 

minor BMI differences (∆BMI < 3 kg/m2) paired with trivial behavioral 

differences. 

 

 

Figure 1 Pie chart of the prevalence of underweight (BMI < 18.5 kg/m2), normal weight (18.5 
≤ BMI < 25 kg/m2), overweight (25 ≤ BMI < 30 kg/m2), and obesity (BMI ≥ 30 kg/m2) 
in Finnish men and women (age 20+) in 2016 (NCD-RisC, 2017). The darkest gray 
slice represents underweight (0.2% in men and 1.5% in women). 
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2 REVIEW OF THE LITERATURE 

2.1 OBESITY, ADIPOSITY, AND METABOLISM  

2.1.1 BODY MASS INDEX 

In 1912, actuaries reported increased deaths of policyholders with overweight, 

defined as weight above the average for a given height (Association of Life 

Insurance Medical Directors & The Actuarial Society of America, 1912). A need 

arose for a normal body weight index to define health risks and insurance fees. 

Louis I. Dublin led the development of tables of normal weights for a given 

height (Dublin & Lotha, 1937). In the 1960s, they finally acknowledged the 

Quetelet Index, suggested in 1832 by Adolphe Quetelet (Billewicz, Kemsley, & 

Thomson, 1962; Eknoyan, 2008; Khosla & Lowe, 1967; Quetelet, 1842): body 

weight (kg) / height (m2). This index was further validated by Ancel Keys in 

1972 and renamed to Body Mass Index (BMI) (Lazarus, Baur, Webb, & Blyth, 

1996).  

Based on observations of height, weight, and health risks in a European 

adult population, the WHO categorized BMI (Table 1) (WHO, 1995). The WHO 

further defines overweight and obesity as the excessive accumulation of fat 

that jeopardizes health. BMI is used as a surrogate marker for the presence of 

(excessive) adipose tissue. 

 
Table 1 WHO BMI categories for health status and risk of comorbidities 

Weight category BMI range Risk of comorbidities 

Underweight BMI < 18.5 Low (but other health risks) 

Normal weight 18.5 ≤ BMI < 25 Average 

Overweight 25 ≤ BMI < 30 Mildly increased 

Obesity Class I  30 ≤ BMI < 35 Moderate 

Obesity Class II  35 ≤ BMI < 40 Severe 

Obesity Class III BMI ≥ 40 Very severe 

WHO = World Health Organization, BMI = body mass index in kg/m2. 

 

BMI is useful on the large scale as a convenient, noninvasive, and cheap tool 

to estimate weight status at the population level. Even though widely used, 

BMI is an imperfect indicator of obesity and health at the individual level 

(Rothman, 2008). BMI disregards the distribution of adiposity (e.g., 

subcutaneous vs. intra-abdominal fat) and it cannot distinguish between fat 

and fat-free mass (muscle mass is heavier by volume than fat mass). The 

location of fat tissue and the amount of muscle mass are important to evaluate 

the health risks. Therefore, BMI may falsely classify individuals. Besides, sex 

and age influence the proportion of fat and muscle mass: women usually have 
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a higher fat proportion than men, and ageing generally pairs with a relative 

increase in fat mass and decrease in muscle mass. Hence, with ageing, BMI 

might underestimate the presence of fat mass, and thus forms a better 

estimate for young adults. Overall, the abovementioned BMI cut-off points are 

most suitable for young adult Europeans without exceptionally high muscle 

mass. 

2.1.2 ADIPOSE TISSUE 

Obesity is diagnosed at a BMI of 30+ kg/m2 and involves a disproportionate 

buildup of fat mass. When energy intake chronically exceeds energy output, 

the fat cells (adipocytes) may grow in size and increase in numbers (MacLean, 

Higgins, Giles, Sherk, & Jackman, 2015; Rutkowski, Stern, & Scherer, 2015). 

It has been suggested that weight reduction strategies might shrink adipocyte 

size but potentially fail to reduce the adipocyte amount, which would facilitate 

weight regain (MacLean et al., 2015).  

Rather than the amount of white adipose tissue, its location determines 

metabolic health risk in overweight and obesity. Sex-specific hormones (Wells, 

2007), genotype (Malis et al., 2005), and epigenetics (Hilton, Karpe, & 

Pinnick, 2015; Pinnick et al., 2014; White & Tchoukalova, 2014) determine the 

location of excess-calorie storage. When subcutaneous adipose tissue is unable 

to store the extra calories, fat can deposit in and around metabolic tissues. This 

ectopic fat, which includes muscle and liver fat, can lead to insulin resistance 

(Goossens, 2008; Rosen & Spiegelman, 2014; Stinkens, Goossens, Jocken, & 

Blaak, 2015).  

In contrast to white adipocytes, brown and beige adipocytes are rich in 

mitochondria, highly vascularized, and densely supplied with nerves from the 

sympathetic nervous system (Mulya & Kirwan, 2016). Brown adipose tissue 

can dissipate some of the energy intake through heat (thermogenesis), and it 

has been shown to be involved in glucose and fat metabolism. Estimates show 

a minor presence of brown/beige adipocytes (~0.1%) relative to total body 

mass, and its contribution to total energy expenditure appears small (~1%) 

(van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Currently, 

activating brown adipose tissue and the browning of white adipose tissue 

(shown in rodents but controversial in humans) are hot topics in obesity 

research, but much remains to be discovered (Cheng et al., 2021). In the 

following sections, adipose tissue means white adipose tissue.  

2.1.3 LEPTIN 

Leptin is a hormone mainly secreted by the adipose tissue into the circulatory 

system to inform the brain of energy storage (Weigle et al., 1997). A low leptin 

concentration signals a lack of energy, and with full energy stores, leptin is 

high. Individuals with higher BMI and fat percentage displayed elevated leptin 

concentration in the blood serum and plasma (Schwartz, Peskind, Raskind, 
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Boyko, & Porte, 1996). This hyperleptinemia suggests the presence of leptin 

resistance and limits the use of leptin in the treatment of obesity (Maffei & 

Giordano, 2021). However, the multiple mechanisms of leptin for human 

health, such as the potential protective role of leptin in cardiovascular disease 

require further investigation (Kang, Ok, & Lee, 2020).  

2.1.4 INSULIN AND INSULIN RESISTANCE 

In healthy individuals, the β cells of the pancreas secrete the hormone insulin 

to maintain a normal blood glucose concentration (Wilcox, 2005). Insulin 

secretion is mostly at a basal level during the day, but after food intake insulin 

secretion increases, particularly in response to elevated blood glucose 

concentration. Insulin predominantly facilitates glucose uptake into muscle, 

liver, and adipose tissue, but is also involved in, inter alia, macronutrient 

metabolism. 

Insulin resistance reflects a state of weakened biological response to 

normal or augmented insulin concentrations, meaning less glucose uptake 

from the blood to for example muscle and fat tissue. Exact causes and 

mechanisms revolving insulin resistance require further research. Individuals 

with obesity commonly develop insulin resistance and pancreatic beta-cell 

dysfunction, precursors for type II diabetes mellitus (T2DM) (Bergman, Ader, 

Huecking, & Van Citters, 2002; Kahn, 2003).  

2.1.5 DYSLIPIDEMIA 

Dyslipidemia is characterized by elevated blood plasma triglycerides and low-

density lipoprotein (LDL) cholesterol, and decreased high-density lipoprotein 

(HDL) cholesterol concentration (Howard, Ruotolo, & Robbins, 2003). 

Dyslipidemia can arise as a result of adipocyte growth and excessive storage of 

fat (Howard et al., 2003), particularly liver fat (Adiels, Taskinen, & Boren, 

2008), and insulin resistance (Klop, Elte, & Cabezas, 2013). Liver fat appears 

as a strong marker for metabolic aberrations, more so than intra-abdominal 

adipose tissue, since increased liver fat elevates secretion of very low-density-

lipoproteins that carry triglycerides (Fabbrini et al., 2009). Dyslipidemia 

contributes to fatty depot generation in the arteries and so promotes the risk 

of CVD and atherosclerosis. 

2.1.6 INFLAMMATION 

Inflammation also contributes substantially to the pathogenesis of CVD 

(Libby, Ridker, Hansson, & Ather, 2009). Obesity associates with elevated 

high-sensitivity C-reactive protein (hs-CRP) (Choi, Joseph, & Pilote, 2013) – a 

commonly used blood serum marker of systemic inflammation (Kaptoge et al., 

2010) – because white adipose tissue is the largest organ that secretes 
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inflammatory cytokines. Expansion of the adipose tissue thus affects the 

immune and hormonal system, which triggers CRP synthesis by the liver (Van 

Gaal, Mertens, & De Block, 2006). In MZ twins with large intrapair BMI 

differences, the co-twins with acquired obesity displayed impaired 

mitochondrial function concurrently with the presence of inflammation 

(Heinonen, Jokinen, Rissanen, & Pietilainen, 2020; van der Kolk et al., 2021), 

a state that might be attributed to elevated liver fat (Naukkarinen et al., 2014). 

Mitochondrial function remained intact, and inflammation was absent, in co-

twins with lower BMI or metabolically healthy obesity. 

2.1.7 METABOLICALLY HEALTHY OBESITY 

 

Metabolically healthy obesity refers to a subgroup of individuals with obesity 

who seem to be free of cardiometabolic risk factors that frequently co-occur 

with obesity (Tsatsoulis & Paschou, 2020). About 10–30% of individuals with 

obesity have been referred to as metabolically healthy (Bluher, 2020). For 

instance, they are characterized by more subcutaneous fat mass – rather than 

the unhealthier visceral or ectopic fat depots (of which liver fat is the most 

detrimental (Naukkarinen et al., 2014)) – smaller adipocytes (and therefore 

higher insulin sensitivity), and lower inflammatory markers (Bluher, 2014; 

Kloting et al., 2010; Primeau et al., 2011; Stefan, Haring, Hu, & Schulze, 2013). 

However, any form of obesity requires investigation because in the long term 

even metabolically healthy obesity amplifies risk of cardiovascular events 

compared to individuals with normal weight (Eckel, Meidtner, Kalle-

Uhlmann, Stefan, & Schulze, 2016). However, it should be noted that studies 

have used varying definitions for metabolically healthy obesity. For example, 

some studies defined metabolically healthy as the absence of the metabolic 

syndrome, which fails to exclude the presence of one or more cardiometabolic 

risk factors. 

2.1.8 HERITABILITY OF OBESITY 

Most people with obesity experience multifactorial obesity (Rohde et al., 

2019). This results from an interplay between numerous mildly contributing 

genetic loci, epigenetic factors, and environmental influences. A minority will 

experience monogenic obesity (i.e., obesity caused by a single gene) or 

syndromic obesity (e.g., obesity as a result of congenital disorders often 

associated with intellectual disability and other morbidity). This thesis focuses 

on multifactorial obesity. 

The heritability of a trait is an estimate of the extent to which genetic 

variation between individuals accounts for inter-individual trait variation in a 

given population at a given time (Visscher, Hill, & Wray, 2008). That is, 

heritability is not a fixed value, but dependent on the study context. So, in case 

of a heritability of 100%, it merely means that in the same environment genetic 
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variants fully explain the trait variation. When changing the environment, the 

traits might develop differently. Vice versa, the number of digits on a limb 

(highly genetically determined within a species but by different genes in 

different species) has a heritability of about 0%, as the variation in the number 

of fingers is purely due to environmental factors (e.g., accidents), 

developmental abnormalities in utero (e.g., thalidomide), or somatic 

mutations. In the context of family studies, without measurement of individual 

genes, variance in a trait can be decomposed using knowledge of genetic 

transmission and genetic relationships. Using data on twins reared together, 

three components can be estimated simultaneously: 1. additive genetic 

variance (the contribution of the additive effects of multiple genes to the same 

phenotype, providing one kind of heritability estimates), 2. common/shared 

environmental factors (e.g., family influences, the effects of which are shared 

by siblings in the same household), and 3. unique environmental factors (e.g., 

individual experiences and external influences) (Neale, Mazzeo, & Bulik, 

2003). Twin studies can also estimate effects due to dominance, meaning 

interactions within a locus summed over all relevant loci. Dominance effects 

are relatively rare for many human traits (Pazokitoroudi, Chiu, Burch, 

Pasaniuc, & Sankararaman, 2021). Other kinds of heritability estimates are 

derived from genome-wide association studies (GWAS) of common variants, 

whole exome sequencing studies, and whole genome sequencing (WGS) 

(Petersen, Fredrich, Hoeppner, Ellinghaus, & Franke, 2017).  

Research in multiple countries evidenced a high heritability of BMI 

(Silventoinen & Konttinen, 2020). During early adulthood (20–29 y), additive 

genetic factors appear as the strongest contributor to BMI variance, close to 

80% (Silventoinen et al., 2017). With ageing, unique environmental factors 

start to play a larger role through long-lasting influences of new factors, such 

as the spouse, lowering the BMI heritability to about 71% in the following 

decade (30–39 y).  

GWAS tries to discover which genes contribute to trait heritability. GWAS 

identified over 500 associations between genetic loci and adiposity traits 

(Loos, 2018). When all common genetic variants for the risk of obesity were 

combined into a genome-wide polygenic score, individuals at the extreme of 

the spectrum on average had a 4.1 kg/m2 higher BMI (Khera et al., 2019). This 

high risk score exists among approximately 1.6% of the population. While 

GWAS usually investigates commonly occurring genetic variations (minor 

allele frequency at least 1 to 5%), WGS studies also include less common and 

rare genetic variations. Recently, a WGS study of 21,620 unrelated individuals 

reached the lower end of family-tree-derived estimates of adult BMI 

heritability of 40% (Wainschtein, Jain, Yengo, & Zheng, 2019). 

One of the reasons that GWAS fails to find the complete genetic heritability 

derived from pedigrees, is that obesity is a fluid trait, and varies over time in 

many individuals (Muller et al., 2018; Silventoinen & Konttinen, 2020). 

Therefore, genetic estimation and prediction of obesity is suboptimal. Hence, 
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at this point, research on obesity would majorly benefit from excluding the 

influences of DNA on BMI. This is possible through the study of MZ twin pairs.  

2.2 TWIN STUDIES 

2.2.1 TWINNING 

MZ twins originate from one fertilized egg and DZ twins spring from two 

separately fertilized eggs (Boomsma, Busjahn, & Peltonen, 2002). 

Consequently, MZ twins share an identical genetic sequence, whereas DZ 

twins share approximately 50% of their segregating genes (the same as 

ordinary siblings).  

In the earliest stage of life, MZ and DZ twin pairs experience a similar in 

utero environment, influenced by the maternal health status and lifestyle 

during pregnancy (and paternal, e.g., if second-hand smoking). More than 

70% of MZ twin pairs share a placenta and chorion but develop in separate 

amniotic sacs (Hall, 2003). The majority of the remaining co-twins of MZ 

pairs, and all DZ pairs, have a separate placenta, chorion, and amniotic sac. In 

exceptional circumstances (~1–2%), MZ twins share a placenta, chorion, and 

amniotic sac. Sharing the same blood supply might lead to concordance in MZ 

twins (Martin, Boomsma, & Machin, 1997), but unequal sharing of a single 

placenta possibly causes discordance within MZ twin pairs (Marceau et al., 

2016). Regarding the order of birth, the first-born twin’s birthweight and 

height are larger than the second-born twin (Yokoyama et al., 2016). These 

differences were very small (∆BMI ~0.1 kg/m2 and ∆height ~0.1 cm) but 

seemed to persist until age 12 (max. ∆BMI = 0.24 kg/m2), whereafter these 

decreased even further with age. 

Conveniently, twins have the same age over time and in many studies 

researchers include only same-sex twins to exclude confounding by sex. 

Inclusion of opposite-sex twins permits the study of sex differences, for 

example estimating differences in genetic variance in men and women, and 

examining whether the same genes affect BMI in men and women.  

On average, twins grow up in the same household of a certain socio-

economic status, raised by equal parental upbringing methods. Beyond that, 

the shared factors become rather abstract and their overlap uncertain. For 

example, the twins grew up in the same neighborhood, thus were exposed to 

similar environmental cues that affect PA, eating, and sleep. They likely went 

to the same school, and they perhaps even shared some friends. The overlap 

of family, social, economic, and built environmental influences that make the 

twins similar over and above genetic similarity is referred to as “shared early 

environment”. In short, MZ twin pairs are a perfect match for age, sex, 

genotype, and shared early environment, and same-sex DZ twins also share 

age, sex, and the early environment but only on average half of their 
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segregating genes. DNA and shared early environment will together be 

referred to as “familial” factors. 

2.2.2 THE BMI-DISCORDANT TWIN DESIGN 

Genetic factors are as of yet impossible to control for when comparing two 

different humans. The co-twin control method, first described in 1942 (Gesell, 

1942), enables to control for confounding of familial factors. MZ twin pairs 

form an ideal case-control study design when the co-twins are discordant for 

a certain phenotype. 

Nearly three decades ago, Finnish researchers aimed for an obesity-

discordant twin design with a BMI difference of at least 3 kg/m2, plus the 

leaner twin with a BMI below 25, and the twin with (nearly) obesity with a BMI 

beyond 27 (Piha, Ronnemaa, & Koskenvuo, 1994). In the following years, they 

attempted to expand the BMI-discordance to 4 kg/m2, which reached a 

satisfactory sample size in one (Kronholm et al., 1996) but not in other studies 

(Hakala, Rissanen, Koskenvuo, Kaprio, & Ronnemaa, 1999; Marniemi et al., 

2002; Ronnemaa et al., 1997). They settled for a BMI-discordance of 3 kg/m2 

and kept the other criteria. Over the years this developed into a single 

criterion: a minimum BMI difference of 3 kg/m2. This more lenient design 

allowed for the inclusion of additional twin pairs. This was necessary, because 

due to the strong genetic drive toward BMI, large datasets are required to 

identify such pairs. Furthermore, BMI is a continuum, as even within the 

normal weight category (18.5 ≤ BMI < 25) the hazard ratio for T2DM was 

approximately 4 times greater in those with a BMI of 24 compared to a BMI of 

20 (Lehtovirta et al., 2010). Therefore, BMI-discordance seems relevant at any 

BMI level.  

Moreover, the inclusion of same-sex DZ twins is beneficial. If the BMI-

discordance in both MZ and DZ twins associates with the same differences in 

behavior, the process is likely entirely environmental (Cederlof, Friberg, & 

Lundman, 1977; Kujala, Kaprio, & Koskenvuo, 2002; van Os et al., 2001). In 

addition, BMI-concordant pairs (∆BMI < 3 kg/m2) can form a control group 

of twins with similar BMI.  

2.2.3 GROWTH TRAJECTORY IN BMI-DISCORDANT TWINS 

The health records of 10 MZ pairs discordant and 9 MZ pairs concordant for 

BMI in adulthood gave detailed information on the growth in height and 

weight from birth to adulthood (Pietilainen et al., 2004). These characteristics 

were highly similar within all twin pairs from early infancy until the end of 

puberty. However, in twin pairs who became BMI-discordant at adult age, the 

leaner co-twin was 221 g (1.0 kg/m2) lighter at birth than the heavier co-twin. 

This difference disappeared by the 6-month check-up. The BMI-discordant 

twin pairs started to diverge only at age 18, a difference of 2.6 kg (0.8 kg/m2). 

This difference increased during the young adult years, with at age 23 an 11.4 
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kg (3.9 kg/m2) difference, and at final examination between age 23 and 27, 

16.4 kg (5.6 kg/m2). The BMI-concordant pairs were similar in height and 

weight at all ages. Overall, twins’ height and weight develop highly similarly 

over time and BMI-discordant co-twins started to deviate in weight at age 18+. 

2.3 PHYSICAL ACTIVITY 

2.3.1 PHYSICAL ACTIVITY AND HEALTH 

PA preserves skeletal muscle mass (the heaviest part of fat-free mass), 

required for basic movements of the human body. In essence, any amount and 

duration of PA will have health benefits (Jakicic et al., 2019), suggesting that 

PA bouts can be short (< 10 min) yet still beneficial. In adults, higher PA, 

regardless of bout duration, has been associated with improved 

cardiorespiratory fitness, insulin, glucose, and lipid (i.e., LDL, HDL, and 

triglycerides) concentrations (Murphy, Lahart, Carlin, & Murtagh, 2019). PA 

appears to lower the risk of, for example, CVD, T2DM, and mental health 

disorders, and improve sleep and potentially adiposity (Bull et al., 2020). In 

contrast, physical inactivity leads to skeletal muscle atrophy (reduction in 

mass) and a decrease in cardiorespiratory fitness, which might increase risk of 

insulin resistance, CVD, and multiple other chronic conditions (Booth, 

Roberts, Thyfault, Ruegsegger, & Toedebusch, 2017). 

The WHO has put PA recommendations into place because of its health 

benefits. Healthy adults are recommended to spend a weekly minimum of 

150–300 minutes in moderate-intensity aerobic PA or 75–150 min in 

vigorous-intensity aerobic PA, or a corresponding combination of both (Bull 

et al., 2020). The time spent in vigorous PA is considered equivalent to twice 

the time spent in moderate PA. If the individual presents no 

counterindications for PA, more weekly PA would give additional health 

benefits. On two or more days per week, they recommend adults to undertake 

strengthening activities of all major muscle groups at least at moderate 

intensity. Sedentary time ought to be limited, though exact recommendations 

require further research. These recommendations are based predominantly on 

self-reported PA and could benefit from objective PA studies on BMI, in part 

because the PA benefits on adiposity were relatively uncertain (Bull et al., 

2020). 

2.3.2 PHYSICAL ACTIVITY AND OBESITY 

Countries that encourage outdoor activities, such as the Netherlands, 

Denmark, and Finland, seem to have a lower obesity prevalence than Eastern 

European countries, but obesity is still common (Blundell et al., 2017). PA by 

itself seems insufficient to counteract the obesity pandemic. Nevertheless, the 

majority of scientific evidence supports the importance of PA for weight 
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management (Jakicic, Rogers, Davis, & Collins, 2018). It seems to help prevent 

weight gain, enhance weight loss, and stabilize weight to counteract weight 

regain. PA of higher intensities (moderate-to-vigorous PA [MVPA]) that reflect 

aerobic activities, in combination with dietary adjustments, appear 

particularly effective for weight management (Jakicic et al., 2018).  

2.3.3 PHYSICAL ACTIVITY AND METABOLISM 

Regardless of weight management, PA has multiple health benefits. Aerobic, 

interval, and resistance exercise have been shown to augment insulin 

sensitivity in the skeletal muscle, lower blood glucose concentration, increase 

HDL cholesterol, and lower triglycerides, preventing insulin resistance and 

dyslipidemia (Roberts, Hevener, & Barnard, 2013). While HDL cholesterol 

and moderate PA seemed to linearly associate, reductions in LDL cholesterol 

and triglycerides required higher intensity aerobic exercise for pronounced 

effects (Mann, Beedie, & Jimenez, 2014).  

Individuals in lowest and highest quartiles of PA measured with actigraphy 

were compared on two common appetite suppressants, insulin and leptin 

(Alessa et al., 2017). Individuals in the highest quartile portrayed lower insulin 

and leptin levels by total PA (-31% and -46%) and MVPA (-32% and -40%).  

PA is also commonly quantified through the metabolic equivalent of task 

(MET). One MET is the energy expended while awake but in rest. This is 

conventionally considered equal to oxygen uptake of 3.5 milliliter per kilogram 

of body weight per minute (3.5 O2/kg/min) or 1 kilocalorie expended per 

kilogram of body weight per hour (1 Kcal/kg/h). The U.S. Department of 

Health and Human Services recommends a minimum of ~500–1,000 MET-

min/wk (United States Department of Health and Human Services, 2018). A 

study that applied self-reported MVPA quartiles based on MET minutes per 

week (lowest quartile ≤ 1830 and highest quartile ≥ 6,370 MET-min/wk) 

noticed that advancing on the PA quartiles towards a higher MVPA level 

associated with lower BMI, subcutaneous fat, intra-abdominal fat, leptin, 

triglycerides, hs-CRP, and a similar trend for insulin (P = 0.07), whereas HDL 

cholesterol concentration increased (Vella et al., 2017). T2DM and 

dyslipidemia occurred less frequently with increasing PA quartiles.  

2.3.4 CARDIORESPIRATORY FITNESS, OBESITY, AND METABOLISM 

Cardiorespiratory fitness reflects the ability of the heart, lungs, and blood 

vessels to supply oxygen to skeletal muscles during PA. It is generally 

estimated by the maximal oxygen uptake (V̇O2max) at peak performance at the 

end of sustained exercise with incremental intensity. V̇O2max further indicates 

endurance capacity and general vitality (Ross et al., 2016). 

Consequently, the level of V̇O2max impacts health status. Baseline low 

V̇O2max (there defined as < 28.47 [men] and < 21.72 [women] ml/kg/min) 

increased the odds of developing abdominal obesity based on waist 
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circumference (odds ratio [OR] is 2.29) and obesity defined by a BMI of 30+ 

and excess body fat percentage (> 25% in men and > 30% in women; OR = 

2.90) at two years follow-up (Ortega et al., 2019). A six-week intervention with 

either high-intensity interval training or moderate-intensity continuous 

training improved V̇O2max but not yet subcutaneous or intra-abdominal fat 

stores (Gerosa-Neto et al., 2019). High-intensity interval training over at least 

twelve weeks enhanced cardiovascular fitness and reduced CVD risk factors, 

such as body fat percentage and waist circumference in individuals with 

obesity (Batacan, Duncan, Dalbo, Tucker, & Fenning, 2017). Furthermore, 

better cardiorespiratory fitness lowers T2DM risk (Carbone, Del Buono, 

Ozemek, & Lavie, 2019). 

The common scaling of V̇O2max by body weight in kilograms is problematic, 

however. While the idea was to facilitate comparison between people of 

different sizes, V̇O2max systematically underestimates cardiorespiratory fitness 

in individuals with obesity (Savonen et al., 2012). Imagine, in case of two 

people with the same height, age, and sex, the one with obesity is supposed to 

distinctly outperform the one with normal weight on the exercise test to reach 

the same V̇O2max per kilogram body weight. Adipose tissue barely takes up 

oxygen during exercise. Instead, it was suggested that V̇O2max linearly links 

with fat-free mass (Batterham, Vanderburgh, Mahar, & Jackson, 1999). 

Accordingly, V̇O2max scaled by fat-free mass more accurately determines 

cardiorespiratory between individuals of different body sizes (Krachler et al., 

2015). This is particularly useful and relevant to investigate V̇O2max in relation 

to adiposity and metabolic health measurements. 

2.3.5 HERITABILITY OF PHYSICAL ACTIVITY AND 

CARDIORESPIRATORY FITNESS 

PA heritability estimates range from 9–92% (Zhang & Speakman, 2019). 

Recently, the adult heritability of self-reported and objectively measured 

sedentary behavior were estimated at 26% and 56%, respectively (Schutte et 

al., 2020). The way the body responds to PA might also partly be due to genetic 

factors, substantiated by a heritability of 0–21% for the response of body 

composition (e.g., BMI, fat percentage) to PA, and 22–57% for the response of 

cardiorespiratory fitness to PA (Zadro et al., 2017). Exemplified by a twin 

study, PA adaptations to the mode of exercise (3 months of strength vs. aerobic 

training) were similar within pairs but varied between pairs (Marsh, Thomas, 

Naylor, Scurrah, & Green, 2020), showing that the lack of response to an 

exercise mode might be due to genetic factors.  

A meta-analysis calculated pooled heritability estimates of V̇O2max scaled 

by body weight and approximated it at 72% (Schutte, Nederend, Hudziak, 

Bartels, & de Geus, 2016). In Finnish twins, the heritability of V̇O2max scaled 

by fat-free mass was estimated at 71% (Mustelin et al., 2011). 

High levels of self-reported PA lowered the heritability of BMI with 16% in 

women and 17% in men (Mustelin, Silventoinen, Pietilainen, Rissanen, & 
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Kaprio, 2008). In both sexes, the BMI heritability was nearly 80% and PA 

approximately 55%. Self-reported weekly frequency and intensity of PA in 

Danish, Finnish, US, and Chinese twins appeared to suppress genetic risk of 

BMI (Horn, Turkheimer, Strachan, & Duncan, 2015; Silventoinen et al., 2009; 

B. Wang et al., 2016), suggesting PA can affect gene action that predisposes to 

obesity. 

GWAS studies of PA have discovered loci but none of the significant loci 

overlapped between the studies (Zhang & Speakman, 2019). PA was 

investigated with various methods among these studies and PA remains a 

difficult construct to assess, which might explain the lack of overlap. Recent 

studies also discovered genetic loci associated with cardiorespiratory fitness 

(Bye et al., 2020; Zhao et al., 2020). These studies observed the genetic 

influence on PA variation that could be controlled for through twin study 

designs. 

2.3.6 TWIN STUDIES ON PHYSICAL ACTIVITY AND OBESITY 

A study – with four follow-up timepoints spread over 35 years from young 

adulthood to retirement age – demonstrated that BMI increased with ageing 

(4.2 kg/m2 in men and 4.9 kg/m2 in women) (Piirtola et al., 2017). When 

focused on MZ and DZ twin pairs discordant for leisure time PA (inactive < 

600 vs. active ≥ 600 MET-min/wk), the inactive DZ twins gained an additional 

1.4 BMI points and inactive MZ twins 0.7 kg/m2. In twin pairs discordant for 

leisure time subjective PA during the past three years (mean 714 vs. 2100 

MET-min/wk), the less active co-twins had acquired 31% more intra-

abdominal fat (Rottensteiner et al., 2016), and the co-twins with higher PA 

showed higher V̇O2max, lower adipose tissue proportion, and improved insulin 

signaling, regardless of familial influences (Rottensteiner et al., 2015). In twins 

who reported lifetime PA discordance (about 924 MET-min/wk versus 4620 

MET-min/wk), at around age 50–74 the inactive twins displayed 50% larger 

intra-abdominal fat area, 170% higher liver fat score, and 54% greater 

intramuscular fat (Leskinen et al., 2009).  

One study investigated actigraphy-measured PA in 16 female BMI-

discordant twin pairs (Doornweerd et al., 2016). They demonstrated that co-

twins with higher BMI performed daily about 1,000 fewer steps (P = 0.05) and 

6 min shorter MVPA (P = 0.09).  

None of the twin studies associated the PA differences with metabolic 

health outcomes, such as lipids, appetite hormones, insulin sensitivity, and 

inflammation. The single BMI-discordant study on objective PA neither 

performed associations with adiposity measurements. Study I will address 

these research gaps. 
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2.4 EATING BEHAVIORS  

2.4.1 EATING BEHAVIORS AND EATING DISORDERS 

Eating behavioral traits regulate the start and end of food intake, and influence 

when, where, what, and how much to eat (French, Epstein, Jeffery, Blundell, 

& Wardle, 2012). Questionnaires can capture dimensions such as restraint 

(cognitive avoidance of eating to control body weight), disinhibition (loss of 

control over eating), eating due to a negative mood, and eating disorders 

(Garner, 1991; Gormally, Black, Daston, & Rardin, 1982; Stunkard & Messick, 

1985; van Strien, Frijters, Bergers, & Defares, 1986).  

Eating disorders are exacerbations of common eating behaviors that rather 

subtly influence food intake and weight status. Eating disorders exemplify that 

excessive under- or overeating significantly affects body weight, with the 

common presence of underweight in patients with anorexia nervosa and 

obesity in patients with binge-eating disorder (Silventoinen & Konttinen, 

2020). In laboratory and clinical studies, patients with binge-eating disorder 

consumed around 2,000 Kcal of energy in one binge-eating episode of about 

42 minutes (Mourilhe et al., 2021). In ~500–1,000 South Australian young 

adults with obesity, the prevalence of binge-eating disorder grew from 5.4% in 

1995 to 17.1% in 2015 (da Luz et al., 2017). An initiative for young adults with 

early onset of eating disorders (within less than three years of onset), called 

“First Episode Rapid Early Intervention for Eating Disorders”, associated with 

substantial improvements in behavior and savings of about £4,500 per patient 

(Austin et al., 2021).  

Whereas eating disorders are relevant, this thesis excluded those and 

focused instead on subclinical levels of eating behaviors. The majority of 

people with overweight will exhibit eating behaviors that would be considered 

clinically irrelevant. Yet, from a population health perspective, targeting a 

larger potentially at-risk group in an early stage offers opportunities for 

prevention of disorders and weight gain.  

2.4.2 EATING BEHAVIORS AND OBESITY 

Eating behaviors have been compared extensively in relation to BMI. The 

inability to regulate food intake seems to predict weight gain, for example as a 

result of (over)eating due to negative emotions (e.g., sadness, stress, and 

loneliness) (Koenders & van Strien, 2011; Konttinen, van Strien, Mannisto, 

Jousilahti, & Haukkala, 2019), sensitivity to environmental cues (e.g., smell, 

taste, and sight of food), proneness to hunger, or even strong dietary restraint 

(Chaput et al., 2009). These behaviors are typically investigated with the 

Dutch Eating Behavior Questionnaire (DEBQ) and the Three Factor Eating 

Questionnaire (TFEQ) (Stunkard & Messick, 1985; van Strien et al., 1986).  
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2.4.2.1 Disinhibited eating 

Disinhibited eating (TFEQ) has most consistently been associated with 

increased energy intake and obesity (Bryant, King, & Blundell, 2008; Bryant, 

Rehman, Pepper, & Walters, 2019). The disinhibited eating variable inquires 

wide-ranging reasons for overeating (Stunkard & Messick, 1985), and it can be 

subdivided into habitual, emotional, and situational disinhibition (Bond, 

McDowell, & Wilkinson, 2001). Habitual refers to regularly repeating 

environmental triggers, emotional implies a negative mood, and situational 

denotes social circumstances or other momentarily environmental triggers for 

overeating. In women, weight gain from age 30–39 until 55–60 correlated 

primarily with stronger habitual disinhibition (r = 0.25), less so with 

emotional disinhibition (r = 0.17), and appeared unrelated to situational 

disinhibition (Hays & Roberts, 2008).  

2.4.2.2 Restrained eating 

A recent narrative review showed mixed associations between dietary restraint 

and obesity. Restraint has been linked with both lower and higher BMI, better 

and poorer diet quality, and improved regulation of body weight but also 

overeating (Bryant et al., 2019). Dietary restraint seems to regularly co-occur 

with disinhibited eating. The term disinhibition of eating suggests a prior 

inhibition of eating, perhaps through dietary restraint, which is then disrupted 

due to eating triggers. In such way, dietary restraint could contribute to a 

higher BMI. However, it has been suggested that it is more likely that 

disinhibition contributes to BMI, followed by restraint as a behavioral 

response to counteract the overeating and the increased body weight (F. 

Johnson, Pratt, & Wardle, 2012). In support, a study on middle-aged Finns 

found that cognitive restraint of eating (TFEQ) and weight change over 7 years 

were unrelated, but a higher BMI at baseline predicted increases in restraint 

over time (Konttinen et al., 2018). However, the importance of dietary 

restraint surfaced when individuals with a higher genetic risk of obesity were 

predisposed to weight gain more markedly when having a low level of restraint 

than a high level. Keeping food intake under control is essential and requires 

a certain level of restraint, of which a flexible approach without strict 

boundaries seems more effective than a rigid approach (Westenhoefer, 1991). 

Flexible control is an aspect of dietary restraint that helps to limit food intake 

without a strict regime of forbidden foods and behaviors. In contrast, through 

rigid control, an individual applies a strict regime, an all-or-nothing approach, 

to restrict energy consumption. Interestingly, high flexible (and not rigid) 

control of eating behavior attenuated the influence predominantly of habitual 

disinhibition on weight gain and BMI (Hays & Roberts, 2008).  
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2.4.2.3 Psychological traits 

Besides these behavioral aspects, body dissatisfaction is a firmly established 

psychological factor associated with obesity (Weinberger, Kersting, Riedel-

Heller, & Luck-Sikorski, 2016). People with a higher BMI have further been 

shown to portray a stronger drive for thinness (Keski-Rahkonen et al., 2005). 

Individuals with obesity experience weight stigma, which can harm 

psychological well-being, for example through weight bias internalization, 

which means self-devaluation and -denigration because of excess body weight 

(Rubino et al., 2020). Body dissatisfaction may initiate and maintain eating 

pathologies, such as bulimia nervosa, anorexia nervosa, and binge-eating 

disorder (Stice & Shaw, 2002).  

2.4.3 FOOD INTAKE AND OBESITY 

The Nordic nutrition recommendations from 2012 (next update in 2022) 

conveyed acceptable ranges of macronutrient proportion of the total energy 

intake (Nordic Council of Ministers, 2014): carbohydrates 45–60% (added 

sugars < 10%), fats 25–40% (< 10% saturated fats), proteins 10–20%, and < 

5% alcohol. Exact energy requirements for individuals depend on various 

factors such as age, sex, height, weight, PA level, and fat-free mass. 

The general rule for the association between dietary factors and weight 

management is that a positive energy balance – higher energy intake than 

expenditure over a certain time period – will result in weight gain (Hill, Wyatt, 

& Peters, 2012). Even this fundamental explanation for obesity development 

comes along with ambiguity, as the exact energy mechanisms leading to weight 

gain are yet to be identified (Schutz, Byrne, Dulloo, & Hills, 2014). The ratio of 

macronutrients consumed seem relevant, since this affects appetite and 

cellular metabolism (Wells, 2013), thus possibly inducing disproportionate 

food intake and storage. However, a review on prospective cohort studies 

concluded that macronutrient composition failed to predict weight changes 

(Fogelholm, Anderssen, Gunnarsdottir, & Lahti-Koski, 2012). Rather, 

diminished weight gain was linked with fewer refined grains, sugary 

consumables, and meat, and higher fiber and dairy intake.  

Eighty-two Finnish adults with class I or II obesity completed a weight loss 

intervention and were split into two groups for the weight management period 

(Karhunen et al., 2012): 1. consumption of high satiety-inducing foods, 2. low-

satiety foods. Interestingly, BMI remained unaffected by the satiety factor. 

Instead, behavioral factors, such as greater flexible control and lower 

susceptibility to disinhibited eating, predominantly associated with the 

accomplishment of weight maintenance. This emphasized the importance of 

psychological and behavioral factors for intervention success. 
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2.4.4 HERITABILITY OF EATING BEHAVIORS AND FOOD INTAKE 

The heritability estimates of dietary intake and eating behaviors are 

heterogeneous (range 0–69%) in adults (de Castro & Lilenfeld, 2005; 

Keskitalo, Tuorila, et al., 2008; Neale et al., 2003; Steinle et al., 2002; Tholin, 

Rasmussen, Tynelius, & Karlsson, 2005). Most studies demonstrated a low to 

moderate genetic origin of energy and macronutrient intake in adults, with an 

approximate range from 20–40%, corrected for age and sex (Rankinen & 

Bouchard, 2006). The role of the family environment on food intake fades into 

adulthood (Keskitalo, Silventoinen, et al., 2008), strengthening the need for 

adult support. 

Genetic factors underly taste perception, and frequency, size, and timing of 

food intake, and so might influence appetite and eating behavior (Grimm & 

Steinle, 2011). Some genetic loci for BMI simultaneously affect eating 

behaviors. Adults with a genetically higher risk of obesity display a 

predisposition to disinhibited eating, emotional eating, and eating due to 

hunger (Cornelis et al., 2014; de Lauzon-Guillain et al., 2017; Jacob et al., 

2018; Konttinen et al., 2015). Uncontrolled and emotional eating partially 

mediated the association between genetic risk score of obesity and BMI (de 

Lauzon-Guillain et al., 2017; Konttinen et al., 2015), and so did susceptibility 

to internal and external loci of hunger and habitual and situational 

disinhibition of eating (Jacob et al., 2018). Hence, it would be helpful to 

employ a twin study design that inherently controls for the genetic liability to 

eating behaviors.  

2.4.5 TWIN STUDIES ON EATING BEHAVIORS AND OBESITY 

Eating behaviors have been studied to some extent in BMI-discordant twin 

pairs. In a study of obesity-discordant twin pairs, the co-twins with obesity 

displayed stronger body dissatisfaction (score ~10 vs. 6 out of 27) and drive 

for thinness (score ~4 vs 2 out of 21) (Pietilainen et al., 2010). Around 60% of 

co-twins with obesity reported eating more than they need versus 20% of 

leaner co-twins, implying that the (in)ability to regulate food intake according 

to one’s need associates with BMI. In another study, 52% of the heavier co-

twins in BMI-discordant pairs self-reported a preference for fatty foods in 

contrast to 17% in the leaner co-twins (Rissanen et al., 2002).  

Later, such twin studies inquired twin pairs to judge their own eating 

behavior in relation to their co-twin’s behavior. This was an attempt to prevent 

misreporting, particularly underreporting by the heavier co-twins on food 

diaries. Consequently, the majority of pairs agreed that the heavier co-twins 

eat more food in general, more fatty foods in particular, and select less healthy 

food (Pietilainen et al., 2010). In a larger study of MZ and DZ twin pairs 

without a selection for BMI-discordance, co-twin agreement on whom of them 

eats more food, snacks, fatty foods, and sweet & fatty delicacies consistently 

associated with higher BMI in MZ (+1.9, +1.2, +1.3, and +1.1 kg/m2) and DZ 

pairs (+2.8, +2.1, +1.6, and +1.7 kg/m2) (Bogl, Pietilainen, Rissanen, & Kaprio, 



29 

 

2009). Furthermore, eating more healthy foods and eating slower were linked 

with lower BMI in MZ (-1.1 and -0.7) and DZ (-1.1 and -0.7) pairs. Noticeably, 

the average BMI of the twin pairs signified a healthy BMI of about 23 kg/m2, 

which shows the presence of early onset of differences in acquired behaviors 

and BMI, even though at that point within a healthy BMI range.  

No differences in self-reported energy intake (24-h dietary recall and food 

diaries) were found between leaner and heavier co-twins (Doornweerd et al., 

2016; Pietilainen et al., 2010). However, the studies had contrasting findings 

regarding whom of the co-twins had higher intake of poly- and mono-

unsaturated fats. Regardless, the heavier co-twins were found to underreport 

energy intake (Pietilainen et al., 2010). 

Studies with a BMI-discordant twin design that focus on eating behaviors 

measured with the TFEQ, DEBQ, and Binge-Eating Scale (BES) are lacking. 

Study II will provide valuable insights into behavioral aspects of eating in 

relation to BMI, regardless of age, sex, genetic, and shared environmental 

influences.  

2.5 SLEEP 

2.5.1 SLEEP BEHAVIORS AND SLEEP DISORDERS  

Sleep duration seems normally distributed (Ashbrook, Krystal, Fu, & Ptacek, 

2020), earlier also demonstrated by a study in British citizens who slept a 

mean±SD duration of 7.04±1.55 h (Groeger, Zijlstra, & Dijk, 2004). Reasons 

for individual variation in sleep include age, sex, lifestyle behaviors, genetics, 

spouse, and overall health reasons (Ohayon, Carskadon, Guilleminault, & 

Vitiello, 2004). Additionally, the high-demanding society may systemically 

impair sleep hygiene (e.g., irregular sleep schedule and caffeine ingestion) 

(Irish, Kline, Gunn, Buysse, & Hall, 2015).  

Sleep problems are widespread and comprise impairments in sleep 

quantity and quality (Medic, Wille, & Hemels, 2017). For young adults and 

adults without sleep disorders, the National Sleep Foundation recommends 7–

9 h nightly sleep (Hirshkowitz et al., 2015; National Sleep Foundation, 2020) 

and the Centers for Disease Control and Prevention recommends ≥ 7 h (CDC, 

2017) to maintain adequate alertness, performance, and health. These 

recommendations were based on a consensus statement of the American 

Academy of Sleep Medicine and Sleep Research Society in 2015 (Watson et al., 

2015).  

The concept of sleep quality is complex and consequently its subjective and 

objective definitions are ambiguous (Fabbri et al., 2021). In (young) adults, 

among the indicators of appropriate sleep quality were a sleep efficiency of at 

least 85%, a sleep latency up to thirty minutes, maximally one awakening that 

lasts for over five minutes, and wake after sleep onset duration of twenty 

minutes at most (Ohayon et al., 2017). 
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Sleep disorders, such as insomnia, sleep apnea, and restless leg syndrome, 

are associated with obesity (Hargens, Kaleth, Edwards, & Butner, 2013). At the 

extremes of the spectrum, those with impaired sleep suffer from severe 

breathing problems, restlessness, and difficulties falling and staying asleep. 

Excessive adiposity and impaired sleep quantity and quality frequently co-

occur, and they might aggravate each other already at subclinical levels of 

impairment.  

2.5.2 SHORT SLEEP AND OBESITY 

Sleep plays a role in obesity. Abundant literature has demonstrated that 

shorter sleep in adults (< 7 h/night) links to obesity and weight gain 

(Cappuccio et al., 2008; Cedernaes, Schioth, & Benedict, 2015; Coughlin & 

Smith, 2014; Itani, Jike, Watanabe, & Kaneita, 2017; Patel & Hu, 2008). Some 

evidence suggests that long sleep duration (> 9 h) also links to obesity (Jike, 

Itani, Watanabe, Buysse, & Kaneita, 2018). The association between short 

sleep duration and obesity occurs predominantly in young adults (18–34 y) 

(Grandner, Schopfer, Sands-Lincoln, Jackson, & Malhotra, 2015), while in 

other age groups a variety of linear, U-shaped, or absence of any relationship 

emerged (Theorell-Haglow & Lindberg, 2016). In these studies, short sleep has 

been variably defined as sleep below 7, 6, 5, or even 4 hours. Health 

disruptions seem to arise below 7 hours and worsen with further sleep 

curtailment.  

Besides prolonging consumption opportunity, shorter sleep may increase 

appetite through a decrease in satiety-promoting hormone, leptin, and an 

increase in hunger-promoting hormone, ghrelin (Knutson & Cauter, 2008). 

This neuroendocrine dysregulation may further result in selection of energy-

dense food, which stimulates weight gain (Copinschi, Leproult, & Spiegel, 

2014).  

Most evidence originated from self-reported sleep duration. Actigraphy is 

a suitable method to objectively quantify sleep under natural conditions to 

complement questionnaire-derived sleep variables (Sadeh, 2011). Both 

methods provide valuable information, because self-reports capture the 

perceptions of sleep, whereas actigraphy measures arm movements during 

sleep. In a middle-aged and elderly population who wore the Actiwatch AW4 

for a week, shorter sleep and poorer sleep efficiency were cross-sectionally and 

longitudinally linked with a higher BMI (Koolhaas et al., 2019). The 

association between BMI and sleep duration was bidirectional, as a higher 

BMI was associated with shorter sleep duration, an effect that became stronger 

over time. The overall evidence is modest for the presence of bidirectionality 

between sleep and BMI, and evidence for causality between BMI and sleep is 

weak (Garfield, 2019).  

 One study investigated data acquired through a commercial wrist-

wearable (Fitbit Inc). Note that the following findings should be carefully 

interpreted, as the device might not meet research quality standards, the 
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population sample might be biased, and this study was set up retrospectively. 

Information on sleep duration and day-to-day sleep variability was available 

for over 120,000 US adults who wore the Fitbit continuously for over 2 years 

(minimally 100 days of 22+ h wear time) (Jaiswal et al., 2020). The findings 

were small but consistent: individuals with obesity slept on average 15 min 

shorter (6.62 vs 6.87 h) and had ~5 min more day-to-day variability in sleep 

(1.46 vs 1.38 h).  

2.5.3 SLEEP DEBT AND OBESITY 

Applying short sleep guidelines to the individual is difficult because of the 

variation in sleep need between individuals (Grandner, Patel, Gehrman, Perlis, 

& Pack, 2010). Therefore, it is relevant to look beyond the absolute numbers 

of sleep duration and assess sleep debt: sleep need minus sleep duration. 

Insufficient sleep, there defined as a sleep debt of at least 1 h, was present in 

20.4% (16.2% men, 23.9% women) of 12,423 Finnish adults (Hublin, Kaprio, 

Partinen, & Koskenvuo, 2001). Of the 20.4%, 44.1% presented again, and 

perhaps still, with insufficient sleep at 9 y follow-up.  

A higher frequency of insufficient sleep – defined as the number of days 

during the past month one did not get enough rest or sleep (in other words, a 

perception of sleep debt) – was linked to higher risk of CVD, coronary heart 

disease, stroke, type II diabetes, and obesity (Shankar, Syamala, & Kalidindi, 

2010).  

2.5.4 SLEEP QUALITY AND OBESITY 

Until now, research has mainly focused on sleep duration in relation to 

obesity. Comparable to sleep quantity, lower perceived sleep quality is related 

to higher body weight and aggravated endocrine conditions (Rahe, Czira, 

Teismann, & Berger, 2015; Spiegel, Tasali, Leproult, & Van Cauter, 2009).  

Other sleep parameters, such as objectively measured sleep efficiency, 

sleep latency, and fragmented sleep remain understudied in relation to 

obesity. A study in young adults demonstrated an association of BMI and/or 

fat percentage with accelerometer-measured shorter sleep, lower sleep 

efficiency, higher wake-after-sleep-onset, and longer sleep latency, but not 

later sleep onset (Wirth et al., 2015). Sleep efficiency below 92.4% was related 

to higher BMI, waist circumference, and total body fat mass in adults aged 45–

84 (Ogilvie et al., 2016). 

2.5.5 CHRONOTYPE AND OBESITY 

Chronotype reflects the behavioral manifestation of the underlying circadian 

rhythms: an individual’s preferred timing of sleep and of cognitive and 

physical performance (Horne & Ostberg, 1976). Physiologically, chronotype 
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refers to the timing of the midpoint of the longest period of daily sleep (usually 

nocturnal) on free days based on local clock time (Roenneberg, Wirz-Justice, 

& Merrow, 2003). The human circadian system includes various circadian 

cycles, for example the sleep/wake cycle, feeding and fasting cycles, and 

metabolic cycles (Albrecht, 2017). These cycles are synchronized, mainly 

resulting from the rising and setting of the sun. However, a disruption in a 

single cycle will affect the interconnections. Social demands (e.g., shift work), 

prolonged exposure to artificial light, and inconsistent timing of food intake 

are among the main contributors to circadian system disruption. 

Some experimental prospective studies demonstrated an association 

between an eveningness chronotype and a higher BMI (Culnan, Kloss, & 

Grandner, 2013; Ruiz-Lozano et al., 2016), but a large Mendelian 

randomization study suggested the absence of causality between chronotype 

and BMI (Jones et al., 2019). An eveningness chronotype has been linked to 

various mental health and general health issues, and increased mortality, 

measured by chronotype as a behavioral time preference (Broms et al., 2014; 

Knutson & von Schantz, 2018; Partonen, 2015) and as a physiological trait 

(Didikoglu, Maharani, Payton, Pendleton, & Canal, 2019). Negative health 

consequences in eveningness chronotypes might be due to misalignment of 

behavioral timing and biological clocks. To complicate matters, humans are 

driven toward eveningness. The intrinsic circadian period seems slightly 

longer than 24 hours in both women (+9 minutes) and men (+19 minutes) 

(Duffy et al., 2011), delaying the sleep time unless reset daily with light 

exposure and activities. Additionally, the presence of artificial light extends 

wake time and weakens the strength of factors that set the biological clock, 

called zeitgebers (mainly light from the sun during the day and darkness 

during the night) (Roenneberg, Pilz, Zerbini, & Winnebeck, 2019). A small 

study even showed evidence for a circadian rhythmicity of the most hunger in 

the biological evening and the least hunger in the morning (Scheer, Morris, & 

Shea, 2013). 

2.5.6 SLEEP, LIFESTYLE BEHAVIORS, AND OBESITY  

In young adults, longer sleep duration linked with higher PA, and sleepiness 

associated with physical inactivity (McClain, Lewin, Laposky, Kahle, & 

Berrigan, 2014), adjusted for BMI. Self-reports that address the preceding 

month showed that insufficient sleep for ≥ 14 days showed a 1.4 higher OR for 

the absence of leisure time PA relative to less frequent insufficient sleep (Strine 

& Chapman, 2005).  

In a six-year follow-up observational study of adults, short sleep (≤ 6 h) 

associated with higher energy intake in those who exhibited elevated 

disinhibited eating behaviors (≥ 6; TFEQ) compared to low disinhibition (≤ 3) 

(Chaput, Despres, Bouchard, & Tremblay, 2011). In a small experimental study 

of young adults, five days of five hours of sleep opportunity led to a 6% 

increased energy consumption and to 0.82 kg weight gain in women but not 
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in men (Markwald et al., 2013). Also, investigated in women age ~18, a 

combination of high emotional eating (> 2.6; DEBQ) and sleep shorter than 7 

hours increased food consumption (~80 Kcal) when exposed to snacks for 

several minutes (Dweck, Jenkins, & Nolan, 2014).  

Conflicting findings in adults suggested that the association of sleep 

duration and sleepiness with obesity persisted (Timmermans et al., 2017), 

regardless of influences from diet and PA. Due to ambiguity in the findings 

and a lack of studies including objective PA and sleep measurements, further 

research in this domain is required. 

2.5.7 HERITABILITY OF SLEEP 

Twin research has shown a modest heritability of sleep and chronotype. A 

recent meta-analysis demonstrated a pooled heritability estimate of 38% for 

sleep duration and 31% for sleep quality (Madrid-Valero, Rubio-Aparicio, 

Gregory, Sanchez-Meca, & Ordonana, 2020). Sleep below 7 hours per night 

amplified BMI heritability (70%) compared to sleep equal to or over 9 hours 

(32%) (Watson et al., 2012). Shorter sleep potentially creates a permissive 

environment for obesity-stimulating genes, while longer sleep allows learned 

behaviors from the shared environment to surface (the unique environmental 

influences remained stable over the full range of sleep durations). The 

heritability of chronotype varied from ~40–54% (Yamazaki & Goel, 2020). 

Genetic variants for morning and evening chronotypes have been 

identified, as well as for short sleep need (4–6.5 h) but not yet long sleep (> 9 

h) (Ashbrook et al., 2020; Yamazaki & Goel, 2020). These studies highlight 

the genetic nature of sleep variation, which twin studies could control for. 

2.5.8 TWIN STUDIES ON SLEEP AND OBESITY 

In 1994, Finnish obesity-discordant twin pairs slept one night in a clinic on a 

static charge-sensitive bed, which picked up nocturnal movements (Kronholm 

et al., 1996). The heavier co-twins slept more restlessly (i.e., more 

movements), and displayed stronger habitual snoring. The nocturnal activity 

and snoring were unrelated, but mild forms of obesity seemed to disturb the 

physiological sleep structure.  

One twin study investigated sleep-discordant twin pairs, consisting of one 

co-twin with self-reported normal sleep duration (7-8.9 h) and one co-twin 

with short sleep duration (< 7 h) (Watson et al., 2010). The short sleeping co-

twins (BMI = 25.7 kg/m2) displayed a 1.0 kg/m2 higher BMI than their normal 

sleeping co-twins (BMI = 24.7 kg/m2), regardless of familial influences. This 

difference could be relevant, as the normal sleepers fell in the normal weight 

BMI category, in contrast to the short sleepers in the overweight category.  

Poorer self-reported sleep quality associated with a higher BMI in BMI-

discordant twin pairs (Madrid-Valero, Martinez-Selva, & Ordonana, 2017). In 
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that study, the sleep quality measurement included various aspects of sleep, 

among which sleep duration, latency, efficiency, and quality.  

Study III will attempt to confirm these findings in BMI-discordant twin 

pairs and investigate certain sleep variables besides sleep duration, including 

chronotype, through self-report and actigraphy measurements. 

2.6 SUMMARY AND STUDY PROSPECTS 

Lifestyle behaviors are among the contributors to the complex multifactorial 

disease obesity. Any form of obesity appears relatively health-hazardous, 

particularly in the long term.  

Age, sex, early life experiences and exposures, and genetic liability affect 

the variations in all traits and behaviors. The BMI-discordant twin design is 

an exceptional design with the capacity to control for these major potential 

confounders to research on obesity and lifestyle. Consequently, we can 

uncover acquired behavioral differences that co-occur with acquired BMI 

differences, regardless of age, sex, and familial factors. At the same time, we 

can verify these associations via the absence of such behavioral differences in 

BMI-concordant twin pairs. This would suggest the changeability of uncovered 

behaviors via environmental influences. This might help decide upon 

behavioral intervention targets, already at subclinical levels of behavioral 

severity. 

Study I will examine self-reported and actigraphy-measured PA in relation 

to BMI in a BMI-discordant twin design. It is the first study to associate 

objective PA indicators with adiposity and metabolic health measurements in 

such study. 

Study II will investigate non-disordered eating behaviors and food intake 

in BMI-discordant twin pairs. Eating behaviors remain understudied in BMI-

discordant twin designs, and have thus, until now, been subject to the biases 

that the twin design inherently controls for. As a fairly novel approach, twins 

will additionally be asked to evaluate each other’s eating behaviors, as a 

verification method for (dis)honest self-reported food intake. 

Study III will be the first BMI-discordant twin study to assess actigraphy-

measured sleep and self-reported chronotype in relation to BMI. Also, sleep 

debt, which considers sleep duration in light of an individual’s sleep need has 

received too little attention. Furthermore, as a novel approach, especially in a 

BMI-discordant twin design, Study III will associate subjective and objective 

sleep duration and sleep debt with self-reported eating behaviors and 

actigraphy-measured PA.  
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3 AIMS OF THE STUDY 

The objective of this project was to uncover which lifestyle behavioral 

variations coincided with differences in BMI, adiposity, and metabolic 

aberrations in healthy (except obesity) young adult MZ twin pairs, with some 

comparisons using same-sex DZ twin pairs. This design uniquely controls for 

the confounding of shared familial influences.  

 

The specific aims – regardless of age, sex, DNA, and shared early environment 

– were:  

 

• To investigate how self-reported PA, actigraphy-measured PA, and 

cardiorespiratory fitness associate with BMI 

• To examine associations between self-reported eating behaviors and 

BMI 

• To explore self-reported and actigraphy-measured sleep behaviors and 

traits in relation to BMI 

• To investigate how subjective and objective forms of sleep duration and 

sleep debt associate with subjective eating behaviors and objective PA 

• To correlate theoretically or statistically relevant behaviors with 

adiposity and metabolism  
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4 MATERIALS AND METHODS 

4.1 PARTICIPANTS 

4.1.1 STUDY DESIGN AND PARTICIPANTS 

This thesis incorporated three cross-sectional studies performed under 

natural conditions. The participants totaled 151 young adult (age 22–36) twin 

pairs: 74 MZ twin pairs and 77 same-sex DZ twin pairs (see Figure 2 for study-

specific participant inclusion). The twin pairs were split up by their BMI, 

resulting in one group comprising co-twins with higher BMI (referred to as 

heavier) and another group of co-twins with lower BMI (referred to as leaner). 

BMI-discordance was defined as a within-pair BMI difference of at least 3 

kg/m2, whereas any difference below 3 kg/m2 was considered BMI-concordant 

(Figure 3). In the MZ pairs, 36 were BMI-discordant (mean ∆BMI = 5.8 

kg/m2) and 38 BMI-concordant (mean ∆BMI = 1.2 kg/m2). In the DZ pairs, 46 

were BMI-discordant (mean ∆BMI = 7.2 kg/m2) and the remaining 31 BMI-

concordant (mean ∆BMI = 1.7 kg/m2). Forty MZ pairs (27 BMI-discordant) 

contributed to all studies.  

4.1.2 PARTICIPANT SOURCE 

The participants were derived from two longitudinal studies of 10 complete 

Finnish twin birth cohorts from 1975–1979 and 1983–1987 (n = 5,417 twin 

pairs; Figure 2), identified from Finland’s national Population Information 

System (dvv.fi). The older cohort, called FinnTwin16 (Kaidesoja et al., 2019), 

and the younger cohort, FinnTwin12 (Rose et al., 2019), started regular 

investigations from age 16 and age 12, respectively.  

The TwinFat study enrolled twins based on their self-reported weight and 

height as young adults in the FinnTwin studies to acquire the rare BMI-

discordant MZ twins. The invited twins participated in the follow-up time 

points at age 20+: wave 4 in FinnTwin12 (mean age 22 years) and both waves 

4 and 5 in FinnTwin16 (mean ages 25 and 35 years). The TwinFat study 

carefully selected the BMI-discordant twin pairs and retrieved the BMI-

concordant pairs with a random generator and matching exclusion criteria 

(Figure 3). 
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Figure 2 Flowchart of participant selection for Studies I, II, and III. MZ = monozygotic, DZ = 
dizygotic, BMI = body mass index. 

 

 

Figure 3 Pictograms of twin pairs discordant and concordant for body mass index (BMI). The 
BMI per co-twin reflects the average of all 302 co-twins from Studies I, II, and III 
that belong to that group, regardless of zygosity. ∆BMI = BMI difference.
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4.1.3 EXCLUSION CRITERIA 

The twins were invited to a clinical examination, including a medical 

evaluation – medical history, physical examination, and laboratory 

assessment – to warrant the absence of concomitant diseases (except obesity), 

psychiatric disorders, eating disorders, weight cycling (± 5 kg during the 

preceding 3 months), anaemia, hypo- or hyperthyroidism, and regular 

medication (besides contraceptives).  

Two exceptions were made. We included one man with obesity who had 

T2DM and took metformin and insulin, and one woman with obesity who took 

mesalazine and azathioprine for colitis ulcerosa (inactive at time of study). 

If a twin pair had attended twice in the TwinFat study, only the latter year 

was included. 

4.1.4 ETHICAL CONSIDERATIONS 

The Ethics Committee of Helsinki University Central Hospital approved of 

Studies I, II, and III (DNRO 270/13/03/01/2008). The protocol was designed 

and performed according to the principles of the Helsinki Declaration. All 

participants gave their written informed consent.  

4.2 CLINICAL MEASUREMENTS  

In Studies I, II, and III, we calculated BMI from objective measurements of 

height (m2) and weight (kg) after an overnight fast, barefoot, and in light 

clothing. Dual energy X-ray absorptiometry (DEXA) was used to assess body 

composition (fat and fat-free mass). Via magnetic resonance imaging we 

quantified the distribution of fat to intra-abdominal and subcutaneous 

compartments, and with magnetic resonance spectroscopy we measured liver 

fat content. Furthermore, in a fasted state, the oral glucose tolerance test and 

blood tests gave insight into metabolic health: insulin status (HOMA-IR and 

Matsuda index), lipids (LDL, HDL, triglycerides), low-grade inflammation 

(hs-CRP), and an important adipokine (leptin).  

4.3 STUDY I: PHYSICAL ACTIVITY 

4.3.1 ACTIGRAPH GT1M 

The ActiGraph GT1M (ActiGraph LLC, Pensacola, FL, USA) is a widely used 

research tool to measure PA with a built-in uniaxial (vertical) accelerometer 

(John & Freedson, 2012; John, Tyo, & Bassett, 2010). The participants were 

instructed to secure the Actigraph on their dominant hip during waking hours 
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for one week, except during water activities (e.g., shower, sauna). Non-wear 

time – defined as zero counts for one hour (with max. 2 minutes of 0–100 

counts) – was left out from analysis. Participants kept a diary on non-wear 

time (with explanations), activity types, and free time activities that lasted at 

least 10 minutes. Discarding non-wear time, individuals wore the ActiGraph 

GT1M for mean (SD) 6.7 (1.5) successive days while awake (14.0 ± 1.1 hours). 

Any number of days with wear time over 10 hours were included for analysis. 

The Actilife5 software (Actigraph, Fort Walton Beach, Florida) provided 

the output, activity counts: the mean intensity of vertical accelerations that 

occurred during a time-sampling interval (epoch) of one minute, with a 

sampling frequency of 30 Hz, and a band-pass filtering range of 0.25–2.5 Hz. 

Activity counts per minute signified the activity intensity as sedentary, light, 

moderate, and vigorous PA (definitions in Table 2) (Freedson, Melanson, & 

Sirard, 1998). The pedometer function of the ActiGraph generated steps.  

To facilitate comparison of the PA intensity levels with WHO’s weekly 

aerobic PA recommendations, we calculated “health-enhancing PA”: 

moderate PA plus twice the time spent in vigorous PA. Subsequently, we 

multiplied by seven to reach the weekly minutes spent in PA (interpreted as 

moderate intensity minutes). 

4.3.2 ACTIWATCH AW7 

The Actiwatch AW7 assessed diurnal and nocturnal activities for one week. 

The twins wore the Actiwatch on their non-dominant wrist continuously for 

mean (SD) 6.7 (1.5) days and nights, besides during shower, sauna, and other 

water-related activities. Non-wear time was excluded from analysis. Days with 

severe health issues (e.g., fever) but not minor issues (e.g., short period of 

headache) were discarded. All available and valid recordings of over 10 hours 

were analyzed. 

The Actiwatch Activity and Sleep Analysis Software 7 provided a 24 h 

activity spectrum in counts/min (Table 2). Participants kept a diary of bed and 

wake times to validate the program’s output. We included minute-per-minute 

data for BMI-discordant twin pairs and calculated average hourly activity (in 

counts/min). From the minute-per-minute data, average hourly activity (in 

counts/min) were calculated. 

Actiwatch AW7’s predecessor, Actiwatch AW4, demonstrated acceptable 

intra- and inter-instrument reliability for activity counts, comparable to 

ActiGraph GT1M’s predecessors, CSA model 7164 (Routen, Upton, Edwards, 

& Peters, 2012).  

4.3.3 SPIROERGOMETRY 

Participants performed a maximal exercise test on a bicycle ergometer (900 

ERG Ergometer; Marquette Hellige, Marquette Medical Systems) in an 

upright position (Mustelin, Pietilainen, et al., 2008). During the exercise, a 
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breath-by-breath gas exchange analysis system (Vmax 229, Sensormedics) 

measured gas exchange, including oxygen uptake (V̇O2) and carbon dioxide 

(V̇CO2). The device’s gas analyzers and mass flow sensor were calibrated 

before every test (Mustelin et al., 2011). The initial workload for women 

amounted to 40 W, and for men 50 W. Every 3 minutes the workload increased 

40 W for women and 50 W for men until attainment of maximal exercise 

capacity, indicated by a score of 19–20/20 for rate of perceived exertion on the 

Borg scale or a respiratory quotient (V̇CO2/V̇O2) of over 1.10 (Borg, 1982). The 

main outcome measure, V̇O2max, reflects the mean V̇O2 during the last 30 

seconds of the exercise test when the workload was at a maximum.  

V̇O2max was separately scaled to total body mass (V̇O2max/kg) and fat-free 

mass (V̇O2max/ffm; Table 2). Total body mass scaling served to demonstrate its 

misleading properties when confounded by fat mass in large BMI ranges 

(Savonen et al., 2012). To remove this body composition bias, one should scale 

V̇O2max by fat-free mass (Krachler et al., 2015). 
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Table 2 Definitions of objectively measured physical activity variables 

 Definition Scale 

Actigraph GT1M  min/d 

Sedentary time  Time spent inactive (0–99 CPM)  

WHO recommends 150–300 

min/wk of moderate PA, or 

75–150 min/wk of vigorous 

PA, or any equivalent 

combination (WHO, 2020)  

Light PA Time spent in low intensive PA 

(100–1,951 CPM) 

Moderate PA  Time spent in moderately intensive 

PA (1,952–5,724 CPM)  

Vigorous PA Time spent in high intensity PA (≥ 

5,725 CPM)  

Health-enhancing PAa Time spent in moderate PA added 

to twice the time spent in vigorous 

PA 

Steps/day Number of steps taken per day 

 

Highly active 

Active 

Somewhat active 

Low active 

Limited activity 

Basal activity 

step count/day  

 

≥ 12,500 steps/day  

10,000–12,499 steps/day 

7,500–9,999 steps/day  

5,000–7,499 steps/day 

2,500–4,999 steps/day  

< 2,500 steps/day 

(Tudor-Locke & Bassett, 

2004; Tudor-Locke, Johnson, 

& Katzmarzyk, 2009) 

Actiwatch AW7   

24 h activity spectrum PA during day and night CPM 

900 ERG Ergometer 

and Vmax 229, 

Sensormedics 

  

V̇O2max Maximal oxygen uptake during 

exercise  

mL/ffm/min 

mL/kg/min (confounded by fat 

mass) 

min/d = minutes per day, CPM = counts per minute, PA = physical activity, WHO = World Health 
Organization, min/wk = minutes per week, anew variable for thesis results, V̇O2max = maximal 
oxygen uptake, mL/ffm/min = milliliter per kilogram of fat-free mass per minute, mL/kg/min = 
milliliter per kilogram of body weight per minute. 

4.3.4 INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE 

The International Physical Activity Questionnaire long format (IPAQ-LF), 

validated in twelve European countries including Finland (Craig et al., 2003), 

proved a reasonably reliable and valid tool for self-administered PA 

assessment in larger settings. The IPAQ-LF provides the MET minutes per 

week (MET-min/wk), which is MET multiplied by minutes spent on the 

activity per day times the number of days performing this activity during the 
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previous week. We derived scores for PA domains: work, active transportation, 

domestic and garden, and leisure-time PA; PA intensities: walking, moderate, 

and vigorous PA; and total PA (Table 3). 

4.3.5 BAECKE 

Originally validated in a young adult Dutch population and later used in a 

Finnish twin cohort, the Baecke questionnaire obtained adequately reliable 

and valid measurements of habitual PA in bouts of at least 10 minutes, in three 

dimensions (Baecke, Burema, & Frijters, 1982; Mustelin et al., 2011): [PA at] 

work index, sport [during leisure time] index, [other PA during] leisure time 

index. The sum of the indices formed total PA (Table 3). 
 

Table 3 Definitions of subjective physical activity variables  

 Definition Scale 

IPAQ-LF  MET-min/wk 

Work PA PA at work (e.g., time spent walking, lifting 

objects, stair climbing) 
The U.S. 

Department of 

Health and Human 

Services 

recommends 

~500–1,000 MET-

min/wk (United 

States Department 

of Health and 

Human Services, 

2018) 

Active transportation 

PA 

PA for commuting (e.g., time spent walking, 

cycling) 

Domestic and garden 

PA 

Home and gardening activities (e.g., cleaning, 

raking, lifting, digging) 

Leisure-time PA PA during leisure time (e.g., running, cycling, 

swimming) 

Walking PA Sum of walking PA from different domains  

Moderate PA Sum of moderate PA from different domains 

(e.g., carrying light loads, sweeping) 

Vigorous PA Sum of vigorous PA from different domains 

(e.g., heavy lifting, chopping wood) 

Total PA Sum of all domains (or, sum of all intensities) 

Baecke   

Work index PA at work (e.g., frequency of sitting, standing, 

walking, lifting) 

1–5 

Sport index PA during sports (number, frequency, time, and 

intensity) 

1–5 

Leisure time index PA during leisure time (e.g., sports, walking, and 

cycling) 

1–5 

Total PA Sum score of all domains 3–15 

IPAQ-LF = International Physical Activity Questionnaire long format, MET-min/wk = metabolic 
equivalent of task minutes per week, PA = physical activity, WHO = World Health Organization. 
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4.4 STUDY II: EATING BEHAVIORS 

4.4.1 THREE-FACTOR EATING QUESTIONNAIRE 

The TFEQ investigated three behavioral traits (Table 4): 1) cognitive restraint 

of eating, 2) disinhibited eating, and 3) susceptibility to hunger (Keskitalo, 

Silventoinen, et al., 2008; Stunkard & Messick, 1985). We computed seven 

subscales of the three core variables: flexible control and rigid control 

(Westenhoefer, 1991); habitual, emotional, and situational susceptibility to 

disinhibition (Bond et al., 2001); internal locus for hunger and external locus 

for hunger (Bond et al., 2001).  

The TFEQ is a reliable and valid questionnaire for the comparison of eating 

behaviors between leaner individuals and individuals with overweight or 

obesity (Bohrer, Forbush, & Hunt, 2015). 

4.4.2 DUTCH EATING BEHAVIOR QUESTIONNAIRE 

The DEBQ assessed restrained eating, external eating, and emotional eating 

(Table 4) (Karhunen et al., 2012; van Strien et al., 1986). This questionnaire 

demonstrated validity and reliability for obesity research (Bohrer et al., 2015).  

4.4.3 EATING DISORDER INVENTORY-2 

We used the Eating Disorder Inventory-2 (EDI-2) to obtain three variables 

(Table 4): drive for thinness, body dissatisfaction, and bulimia (Garner, 1991; 

Keski-Rahkonen et al., 2006). These variables are highly similar to those 

inquired by EDI-3, which proved valid and reliable for comparisons of 

disordered eating behaviors over a range of BMI (Bohrer et al., 2015). One 

question concerning body dissatisfaction was accidentally missing from the 

questionnaire, “I like the shape of my buttocks”, yet it still contained the 

reverse statement “I think my buttocks are too large”. Therefore, this variable 

consisted out of 8 items instead of 9.  

4.4.4 BINGE-EATING SCALE 

The BES assessed the severity of and preoccupation with binge eating (Table 

4) (Gormally et al., 1982; Keranen, Rasinaho, Hakko, Savolainen, & Lindeman, 

2010). This tool showed validity and reliability for both subjective and 

objective binge-eating severity (Timmerman, 1999).  
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Table 4 Definitions of eating behavior variables  

 Definition Scale 

TFEQ  AU 

Cognitive restraint  

of eating  

Acts to restrict food intake (e.g., hold back at meals, 

avoid unhealthy foods, count calories, diet) 

0–21 

Flexible control  Limit food intake via subtle acts and with adaptable 

boundaries (e.g., take small helpings, compensate 

unhealthy food intake with less intake at other meals) 

0–7 

Rigid control  Strict guidelines for food intake (e.g., exact calorie 

counting, abandon high calorie or tempting foods) 

0–7 

Disinhibited eating  Social, sense (smell, taste, sight), and mood-related 

triggers for overeating or for losing control of eating 

0–16 

Habitual susceptibility  

to disinhibition  

Recurrent patterns of overeating (e.g., in the absence of 

hunger, due to diet failures, and/or in secrecy)  

0–5 

Emotional susceptibility  

to disinhibition  

Overeating due to negative emotions (e.g., anxiety, 

feeling blue, loneliness) 

0–3 

Situational susceptibility  

to disinhibition  

Overeating triggered by environmental cues (e.g., social 

situations, inability to stop eating once started)  

0–5 

Susceptibility to hunger  The impact of hunger feelings on the regulation of food 

intake (i.e., homeostatic and hedonic causes of hunger 

that lead to [over]eating) 

0–14 

Internal locus for hunger  The body’s internal signals for hunger (e.g., amount and 

frequency of eating due to hunger [homeostatic]) 

0–6 

External locus for hunger  Environmental cues trigger hunger (e.g., hunger induced 

by the presence of food) 

0–6 

DEBQ  AU 

Restrained eating Frequency of acts and intentions to restrict eating (e.g., 

[try to] eat less, avoid eating, consider body weight) 

1–5 

Emotional eating  Frequency of the desire to eat due to negative feelings 

(e.g., depression, loneliness, anxiety, boredom) 

1–5 

External eating Frequency of (over)eating because of external cues 

(e.g., smell, taste, and sight of food) 

1–5 

EDI-2  AU 

Drive for thinness Severe emotional attachments (e.g., guilt, fear, worry) to 

eating unhealthily, dieting, and body weight status  

0–21 

Bulimia Extreme overeating (often in secrecy), with a tendency 

to purge 

0–21 

Body dissatisfaction Unhappiness with physical dimensions of the body (e.g., 

size of stomach, thighs, butt, hips) 

0–24 

BES  AU 

Binge eating score The extent to which one experiences a lack of control 

over eating (e.g., fast and continuous eating until 

discomfort), an obsession with food, and related 

dysphoric feelings (e.g., guilt, embarrassment, fear) 
 

Severe binge eating  

Moderate bingeing 

No bingeing 

0–46 

 

 

 
 

≥ 27 

18–26 

≤ 17 

TFEQ = Three-Factor Eating Questionnaire, AU = arbitrary units, DEBQ = Dutch Eating Behaviour 
Questionnaire, EDI-2 = Eating Disorder Inventory-2, BES = Binge-Eating Scale.  
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4.4.5 THREE-DAY FOOD DIARY 

The three-day food diary (two working days and one non-working day, as in 

(Pietilainen et al., 2010)) gave insight into the twins’ dietary profile (Table 5). 

This is a prospective dietary assessment wherein the participants recorded in 

detail their food intake close to the time of consumption. A registered dietician 

provided instructions for the diet recording and calculated the average daily 

macronutrient composition (Mashie FoodTech Solutions AB, 2017) with the 

program Diet32 (nowadays AivoDiet). The calculations were based on Fineli, 

the Finnish National Food Composition Database (Finnish Institute for Health 

and Welfare, 2009). 

4.4.6 FOOD INTAKE REGULATION 

The food intake regulation (FIR) question inquired (Keski-Rahkonen et al., 

2005): 1) optimal eating, 2) frequent overeating, 3) frequent restricted eating, 

and 4) alternating overeating and restriction (Table 5). For data analysis we 

collapsed categories 2–4 into one variable, non-optimal eating, for 

comparison with optimal eating. 

4.4.7 CO-TWIN COMPARISON QUESTIONNAIRE 

Co-twins of a pair evaluated their own eating behaviors during the past twelve 

months in relation to their twin sibling, as in (Bogl et al., 2009). The questions 

concerned ten dietary intake and behavioral aspects, answering whether you 

or your co-twin eats more of certain foods or performs behaviors more strongly 

(Table 5).  
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Table 5 Definitions or questionnaire items of the food diary, food intake regulation question, 
and the co-twin comparison questionnaire  

 Definition or questionnaire item Scale 

Food diary   

Carbohydrates 

Macronutrient consumption derived from 

the reported dietary intake 
Kcal/d 

Fat  

Protein 

Alcohol 

FIR   

1. Optimal eating 

 

It is easy for me to eat about the amount I 

need to 

Binary: 

1 = optimal eating 

2–4 = non-optimal 

eating 

2. Frequent overeating 

 

I quite often eat more than I actually need 

3. Frequent restricted 

eating 

I often try to restrict my eating 

4. Alternating overeating 

and restriction 

At times, I’m on a strict diet, at others I 

overeat 

CCQ   

Healthy eatinga Which of you (you or your co-twin)… 

1. …selects food more according to 

healthiness? 

2. …eats more regularly? 

3. …eats more slowly?  
a) me  

b) my co-twin 

c) there is no 

difference between 

us  

d) do not know 

Unhealthy eatinga 4. …eats more? 

5. …eats more snacks? 

6. …eats more fatty foods?  

7. …eats more sweet & fatty delicacies 

(chocolate, pastries, ice cream)? 

8. …eats more sweets (candies or jellies)? 

Appearance and dietsa 9. …is more worried about appearance? 

10. …goes on diets more often? 

Kcal/d = kilocalories per day, FIR = Food Intake Regulation question, CCQ = co-twin comparison 
questionnaire, anew variable for thesis results. 

4.5 STUDY III: SLEEP 

4.5.1 ACTIWATCH AW7 

The Actiwatch AW7 (CAMnTech, FL, USA) contains a three-axial 

accelerometer that estimated activities indicative of sleep variables. The 

Actiwatch Activity and Sleep Analysis Software 7 analyzed 1-min epochs and 

applied medium sensitivity (CPM < 40 indicates sleep/immobility), a 

sampling frequency of 32 Hz at maximum, and the filters were set at 3–11 

Hz.  
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We investigated four variables from the Actiwatch: 1) sleep latency, 2) 

actual sleep time, 3) sleep efficiency, and 4) fragmentation index (Table 6). 

The time frame in which the sleep variables are determined ranges from 

bedtime (lights off) until get out of bed time (lights on), as indicated by the 

marker, sleep log, or the scoring program. The start and end of a complete 

nocturnal sleep period were determined by the algorithm of the device, the 

duration of which is called assumed sleep.  

Actigraphy in general has proven a valid and reliable estimate for basic 

sleep parameters, except sleep latency, in healthy adult populations (Sadeh, 

2011). The near-identical predecessor of Actiwatch AW7, Actiwatch AW4, was 

validated against the gold standard polysomnography (PSG) in 100 middle-

aged sleep-disordered patients (Kushida et al., 2001). The wristwatch monitor 

accurately detected sleep when PSG scored it as sleep (sensitivity = 0.95) but 

lacked detectability of wakefulness compared to PSG (specificity = 0.36).  

 
Table 6 Definitions of objectively measured sleep variables 

 Definition Scale 

Actiwatch AW7   

Sleep latency  

 

The time difference between bedtime and the start of 

sleep (i.e., the time it takes to initially fall asleep)  

min 

Objective sleep duration The assumed sleep time (i.e., time from start to end of 

nocturnal sleep period) minus awake time (i.e., time 

spent in CPM ≥ 40). 

h 

Sleep efficiency The proportion of objective sleep duration during the 

time spent in bed (time between bedtime [lights off] 

and get out of bed time [lights on]) 

% 

Fragmentation index The addition of two variables:  

1) the proportion of assumed sleep time that was 

spent awake, plus  

2) the proportion of immobile phases that were one 

minute or shorter 

AU 

min = minutes, h = hours, CPM = counts per minute, AU = arbitrary units. 

4.5.2 BASIC SLEEP ITEMS 

Basic sleep items (BSI) generated five original and two additionally derived 

variables (Hublin et al., 2001; Hublin, Lehtovirta, Partinen, Koskenvuo, & 

Kaprio, 2018). The original variables were: sleep duration, sleep need, sleep 

quality, morning tiredness, and daytime tiredness (Table 7). We additionally 

calculated subjective and objective sleep debt: self-reported sleep need minus 

self-reported (subjective) or accelerometer-measured (objective) sleep 

duration. 
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Table 7 Definitions of self-reported basic sleep items 

 Definitions/questions Scale 

BSI 

 

  

1. Sleep duration How many hours do you usually sleep in 

a day?  ≤ 6, 6.5, 7, 7.5, 8, 8.5, 

9, 9.5, ≥ 10 h 2. Sleep need How many hours of sleep do you need 

during the night to be alert the next day? 

3. Subjective sleep debt Sleep need (BSI) minus subjective sleep 

duration (BSI) 
min 

4. Objective sleep debt Sleep need (BSI) minus objective sleep 

duration (ActiGraph GT1M) 

5. Sleep quality How do you sleep in general? 1. Well 

2. Fairly well 

3. Fairly poorly 

4. Poorly 

5. I can’t tell 

6. Morning tiredness Do you feel tired in the morning when 

you wake up? 

1. (Nearly) every 

morning 

2. 3–5 mornings/wk  

3. 1–2 mornings/wk  

4. < 1 morning/wk  

5. < 1 morning/mth 

6. Never 

7. Daytime tiredness Are you experiencing daytime fatigue? 

BSI = Basic Sleep Items, h = hours, min = minutes. 

4.5.3 BASIC NORDIC SLEEP QUESTIONNAIRE 

The Basic Nordic Sleep Questionnaire (BNSQ) is a valid and reliable 

questionnaire widely used in the Nordics (Partinen & Gislason, 1995). We 

calculated insomnia (item 1, and 3 to 6), tiredness (item 8 and 9), and snoring 

(item 16 and 17) scores (Table 8), similar to (Aukia et al., 2020). It further 

inquired bedtime and wake time during weekdays and weekends. Exclusion 

criteria were incomplete data for weekdays or weekends, erroneously reported 

times, and under four hours of time spent in bed.  

4.5.4 MORNINGNESS-EVENINGNESS QUESTIONNAIRE  

The morningness-eveningness questionnaire (MEQ) is commonly used to 

categorize chronotype (Table 8) (Horne & Ostberg, 1976; Strang-Karlsson et 

al., 2010). MEQ focuses on circadian preferences rather than actual times of 

behavior, and so measures a psychological trait, not a physiological circadian 

trait (Leocadio-Miguel et al., 2021).  
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Table 8 Definitions of sleep behavior variables  

 Definition Scale 

BNSQ  AU 

Insomnia  Frequent inability to fall and stay asleep (e.g., 

difficulties to initiate sleep, frequency of awakening) 

5–25 

Tiredness  Frequency of feeling sleepy during morning and day 2–10 

Snoring  Loudness, frequency, and intermittence of snoring 2–10 

Bedtime weekday  Usual bedtime with the intention to sleep (Sun–Thu) 

Average 

time in 

h:min/day 

Bedtime weekend  Usual bedtime with the intention to sleep (Fri–Sat) 

Wake time weekday  Usual wake time (Mon–Fri) 

Wake time weekend  Usual wake time (Sat–Sun) 

Time spent in bed 

weekday 

Duration from bedtime until wake time (Sun–Fri) 

Time spent in bed 

weekend 

Duration from bedtime until wake time (Fri–Sun) 

Bedtime delay 

weekend 

Delay in bedtime during the weekend vs. weekday 

Wake time delay 

weekend 

Delay in wake time during the weekend vs. weekday 

MEQ  AU 

Sum score Preferred wake and bedtimes, and timing of (peak) 

mental and physical performance as an indication of a 

morningness or eveningness chronotype 
 

Definitely morning  

Moderately morning 

Neither/intermediate 

Moderately evening 

Definitely evening 

16–86 

 

 
 

70–86 

59–69 

42–58 

31–41 

16–30 

BNSQ = Basic Nordic Sleep Questionnaire, AU = arbitrary units, h:min/day = hours:minutes per 
day, MEQ = Morningness-Eveningness Questionnaire. 

4.6 TIMELINE 

Parts of the cross-sectional data of all studies were collected during every year 

between 2003 and 2013, excluding 2007. Study I acquired self-reported PA, 

cardiorespiratory fitness, and clinical anthropometric measurements between 

2008 and 2013. Between 2003 and 2013, Studies II and III measured clinical 

anthropometry, Study II gathered questionnaire answers on eating behavior, 

and Study III collected basic sleep items. Other sleep questionnaires were 

filled in from 2008 until 2013.  

Study I and III retrieved objective indications of PA (I) and sleep (III) in 

2008 and 2009. The accelerometry was mainly performed during the cold 

season from October 2008 until March 2009 (80%) and the remainder during 
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April and May 2009 (20%). Both co-twins in a pair wore two accelerometers 

(hip and wrist) during the same week. At the first visit the participants received 

instructions on the use of the accelerometers and no invasive samples were 

taken that could impair their activity levels. They returned their 

accelerometers (and diaries) at the next visit scheduled three weeks later.  

Table 9 displays details on the recall time and observation time of 

retrospective and prospective behavioral assessment methods, respectively.  

 

Table 9 Recall and observation time, variable type, and number of items for all behavioral 

assessment methods 

Retrospective behavioral assessments 

Questionnaire  Recall time Variable type 

IPAQ-LF (I) Past 7 days Continuous 

Baecke (I) Habitual Continuous 

TFEQ (II) Habitual Continuous 

DEBQ (II) Habitual Continuous 

EDI-2 (II) Habitual Continuous 

BES (II) Habitual Continuous 

FIR (II) Habitual Categorical (dichotomous) 

CCQ (II) Habitual Categorical (nominal) 

BSI (III) Habitual Continuous (1–4) 

Categorical (ordinal: 5–7) 

BNSQ (III) Past 3 months Continuous 

MEQ (III) Habitual Continuous 

   

Prospective behavioral assessments 

Method  Observation time Variable type 

Hip actigraphy  7 days Continuous 

Wrist actigraphy  7 days Continuous 

Spiroergometry 1 day (1 test) Continuous 

Food diary 3 days Continuous 

IPAQ = International Physical Activity Questionnaire long format, FIR = food intake regulation 
question, TFEQ = Three-Factor Eating Questionnaire, DEBQ = Dutch Eating Behaviour 
Questionnaire, EDI-2 = Eating Disorder Inventory-2, BES = Binge-Eating Scale, CCQ = co-twin 
comparison questionnaire, BSI = basic sleep items, BNSQ = Basic Nordic Sleep Questionnaire, 
MEQ = Morningness-Eveningness Questionnaire. 

4.7 STATISTICAL ANALYSES 

Stata/SE 13.0 (StataCorp, College Station, TX) served for statistical analyses 

in Studies I and II, and Stata/MP 16.0 (StataCorp, College Station, TX) for 

Study III. R 3.1.1 (the R Foundation) facilitated the creation of the heatmap for 

Study I and Graphpad Prism 8.0 for Study III. We used GraphPad Prism 

(versions 5.0 to 9.0) to prepare the rest of the published figures and with 

Inkscape we polished the figures whenever necessary. The flowchart (Figure 
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2) was prepared with draw.io, and the twin pair pictograms were created in 

Inkscape. All results reproduced in this dissertation display exact p-values 

(until 0.001) generated with Stata/MP 16.0, and thus may vary slightly from 

the published articles. 

4.7.1 NORMALITY TESTS 

Shapiro-Wilk tests, and skewness and kurtosis tests, implied that most data 

were non-normally distributed (Studies I, II, and III). Because of the non-

normal distribution and the small sample size, we opted for non-parametric 

statistical testing.  

4.7.2 SEX DIFFERENCES 

Men and women were compared with chi-square tests for categorical variables 

and Mann–Whitney U tests (also known as Wilcoxon rank-sum tests) for 

continuous variables (Studies II and III).  

4.7.3 BMI-DISCORDANT AND -CONCORDANT TWIN DESIGN 

In BMI-discordant twin pair designs (Studies I, II, and III), the Wilcoxon 

signed-rank test statistically compared continuous variables of behavior 

between co-twins (variable types in Table 9). McNemar’s test evaluated 

dichotomous variables (Study II) and symmetry tests assessed ordinal 

categorical traits (Study III). We differently approached the nominal answer 

categories of the co-twin comparison questionnaire (Study II). We collected 

the twin pairs who agreed on whom of them performed a behavior more 

strongly and categorized their BMI accordingly. Then, the Wilcoxon signed-

rank test compared the BMI of the twins who performed the behavior more 

strongly versus less strongly. 

Within-pair differences of the variables were calculated by subtracting the 

average leaner co-twin’s values from the average heavier co-twin’s values. This 

difference divided by the heavier co-twin group’s mean, multiplied by 100 

formed the effect size in percentages for continuous and ordinal data (Studies 

I and III). OR served as effect size for dichotomous variables (Study II). 

Continuous variables were quantified by the common language effect size: the 

likelihood in percentages that a certain behavior occurs more strongly in the 

heavier twins.  

In the publication of Study II, we transformed eating behaviors (TFEQ, 

DEBQ, BES, and EDI-2) to a scale of 0–100. This facilitated comparison 

between questionnaires within our study. However, the original values will 

simplify comparison with other studies. Therefore, in the dissertation, the 

original scales of the questionnaires were reported.  
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4.7.4 INDIVIDUAL CORRELATIONS 

All individual twins, regardless of BMI-discordance and zygosity, were 

included for individual correlations. Partial correlation coefficients were 

calculated for PA behaviors in relation to anthropometry, adiposity, and 

metabolic health of individuals, while correcting for influences of age and sex 

(Study I). The p-values were derived from a survey regression, corrected for 

familial clustering (Williams, 2000).  

Survey regressions were performed to assess the regression coefficient and 

the p-value for eating behaviors in relation to BMI (Study II). The eating 

behaviors were standardized to facilitate comparison of the strength of 

associations between behaviors: a new variable was created by subtracting the 

behavioral mean value from individual values, of which each result was 

divided by the standard deviation. Standardization creates a mean value of 

approximately zero for each behavior, and a standard deviation of one.  

In Study III, partial correlations measured the associations of individual 

subjective and objective sleep duration and sleep debt with objective PA and 

self-reported eating behaviors, controlled for age and sex. One-way random-

effects intraclass correlation coefficients assessed the resemblance in sleep 

variables between co-twins (Study III), with age and sex as covariates. 

4.7.5 PAIRWISE CORRELATIONS 

Pairwise correlations assessed all within-pair differences without separation 

by BMI-discordance. Partial correlations calculated associations of within-

pair differences in behavioral and outcome variables, with a correction for the 

potential between-pair confounding of age and sex (Studies I and III).  

In the analyses on the twins’ judgment of each other’s eating behaviors 

(Study II) – the co-twin comparison questionnaire – multivariate regression 

analyses calculated independent associations between agreement on 

behavioral traits (leaner co-twin -1, heavier co-twin +1, other 0) and within-

pair BMI differences, with age and sex as covariates. 

4.7.6 ADDITIONAL ANALYSES THESIS SUMMARY 

4.7.6.1 Effect sizes (Studies I, II, III) 

In the thesis summary, two new effect sizes were introduced to summarize the 

results in MZ and DZ BMI-discordant twin pairs: 1. The matched-pairs rank-

biserial correlation coefficient, and 2. Cliff’s Delta (δ).  

The matched-pairs rank-biserial correlations functioned as effect size for 

continuous variables, calculated with the simple difference formula (Kerby, 

2014). First, the difference in scores between leaner and heavier co-twins was 

calculated. Then, the highest rank was given to the largest absolute difference 



53 

 

and the lowest rank to the smallest difference. When a heavier co-twin scored 

higher than the leaner co-twin, the rank was labeled “positive”, and vice versa 

“negative”. Tied scores were included in the formula as half positive and half 

negative ranks. The matched-pairs rank-biserial correlation was calculated as: 

total positive ranks minus total negative ranks, subsequently divided by total 

number of ranks. A positive effect size suggested that the heavier co-twins 

perform this behavior more strongly. A negative effect size indicated the leaner 

co-twins perform this behavior more strongly. The effect size ranges from -1 to 

+1, and 0 indicates no difference between the co-twins. An example effect size 

of 0.40, calculated by a positive rank proportion of 0.70/1 minus a negative 

rank proportion of 0.30/1, means that for every single (1) increase in the total 

sum of ranks, the difference in positive and negative ranks increases with 0.40 

ranks (positive ranks increase with 0.70, while negative ranks increase with 

0.30). It further implies a 70% chance that the heavier co-twin performs the 

behavior more strongly and a 30% chance the leaner co-twin performs the 

behavior more strongly. 

Cliff’s δ formed the effect size for categorical variables (one dichotomous 

[Study II], three ordinal [Study III]), as explained under the heading “Variance 

of d in the Paired Case” in (Cliff, 1993). The outcome difference between leaner 

and heavier co-twins was calculated, and then categorized per pair as -1 if the 

leaner co-twin scores higher, 0 for equal scores, and +1 if the heavier co-twin 

scores higher. Cliff’s δ was calculated as the sum of scores divided by the 

number of pairs. This effect size also ranges from -1 to +1.  

4.7.6.2 Co-twin comparison questionnaire analysis (Study II) 

The co-twin comparison questionnaire inquired three main categories of 

behaviors: 1. healthy eating (3 items), 2. unhealthy eating (5 items), and 3. 

appearance and diets (2 items). Whenever the co-twins in a pair agreed upon 

whom of them performed a behavior more pronouncedly, we included their 

BMI for analysis. So, in case of healthy eating, if a pair agreed on only one out 

of three items, the BMI of these co-twins were still included for analysis. If 

another pair agreed that the leaner co-twin performed one of the healthy 

eating items and the heavier co-twin the other two, the healthy eating BMI for 

this pair consisted for 2/3rd of the heavier co-twin’s BMI and 1/3rd out of the 

leaner co-twin’s BMI. This resulted in a list of twin pairs with on one side the 

average co-twin’s BMI who performs the behavior (more strongly) versus the 

co-twin’s BMI who does not (or to a lesser extent). Wilcoxon signed-rank tests 

compared the BMI differences between co-twins for healthy eating, unhealthy 

eating, and appearance and dieting behaviors. 
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4.7.6.3 Partial correlations (Studies II, III) 

Eating and sleep behaviors and traits with the lowest p-values and highest 

effect sizes were included for individual and pairwise partial correlations with 

adiposity and metabolic health measurements, controlled for between-pair 

differences in age and sex. These analyses have been performed for PA in Study 

I, but not yet for the following variables from Studies II and III: Study II) 

disinhibited eating, habitual disinhibition, binge-eating score, flexible control, 

food intake regulation, and body dissatisfaction; Study III) self-reported sleep 

duration, tiredness score, snoring score, and chronotype. Correlations of 

individual twins indicate the presence of a general association between a 

behavior and an outcome. Correlations of within-pair differences in a behavior 

and an outcome can confirm such associations, while excluding the otherwise 

confounding influences of age, sex, and familial factors. 
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5 RESULTS 

5.1 PARTICIPANT CHARACTERISTICS 

5.1.1  BMI OF 151 TWIN PAIRS (STUDIES I, II, III) 

All 151 twin pairs were divided into leaner and heavier co-twins based on their 

BMI (Figure 4). The histograms visualize the BMI distribution of leaner and 

heavier co-twins in BMI-discordant and -concordant pairs. The distinction in 

leaner versus heavier BMI is visibly larger in BMI-discordant pairs, yet a 

between-pair BMI overlap still existed. Notably, in MZ BMI-discordant pairs 

three leaner co-twins had acquired obesity, and in DZ BMI-discordant pairs 

one heavier co-twin presented with a normal BMI.  

 

 
Figure 4 Interleaved histograms of BMI in leaner and heavier co-twins of monozygotic (MZ) 

and dizygotic (DZ) twin pairs (n = number of pairs) discordant and concordant for 
body mass index (BMI). 
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5.1.2 CHARACTERISTICS OF 40 OVERLAPPING MZ TWIN PAIRS 

(STUDIES I, II, III) 

Of the 74 MZ twin pairs, 40 participated in Studies I, II, and III and thus 

represented the population in all studies. These overlapping MZ twin pairs 

comprised 27 BMI-discordant and 13 BMI-concordant pairs (Figure 5 & Table 

10) and displayed a continuum of BMI differences (range ∆BMI = [0.06–15.2 

kg/m2]). A larger BMI difference does not inherently predict the BMI category 

of either co-twin (Figure 5). As expected, a higher BMI comes along with 

higher adiposity and worse metabolic health (Table 10).  

 

 

Figure 5 Line graphs of the body mass index (BMI) of leaner and heavier co-twins from MZ 
twin pairs discordant (n = 27 pairs) and concordant (n = 13 pairs) for BMI (Studies 
I, II, and III), sorted by the size of BMI differences (∆BMI = BMI heavier - BMI 
leaner).  
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Table 10 Characteristics, adiposity, and metabolic health measurements of 40 MZ twin pairs 
participating in Studies I, II, and III  

 
MZ BMI-discordant 

27 pairs 

MZ BMI-concordant 

13 pairs 

 Leaner co-twin Heavier co-twin Mean of pairs 

Age 30.3 (4.7) 

[22.8–36.1] 

30.3 (4.7) 

[22.8–36.1] 

32.5 (2.3) 

[29.0–36.2] 

Female, % 63 63 38 

Height, cm 173.0 (11.1) 

[154.2–196.4] 

173.2 (10.8) 

[152.2–196.6] 

171.0 (10.9) 

[153.2–193.2] 

Weight, kg 76.3 (18.4) 

[48.7–125.3] 

94.1 (20.5) 

[62.0–137.1] 

77.4 (11.6) 

[49.5–95.2] 

BMI, kg/m2 25.2 (4.5) 

[19.7–39.9] 

31.1 (5.1) 

[24.2–44.2] 

26.4 (3.3) 

[21.1–35.2] 

Fat mass, kg 24.9 (11.5) 

[7.7–54.0] 

38.2 (10.9) 

[24.7–44.2] 

22.4 (8.4) 

[7.4–43.0] 

Body fat, % 31.9 (9.7) 

[10.3–52.3] 

40.9 (6.9) 

[28.2–52.2] 

28.8 (9.3) 

[8.9–46.1] 

Subcutaneous fat, cm³ 3,814 (2,113) 

[1,073–9,794] 

6,312 (2,743) 

[3,045–1,5129] 

3,151 (1,369) 

[827–6,493] 

Intra-abdominal fat, cm³ 810 (910) 

[95–4,590] 

1,657 (1234) 

[421–5,878] 

1,010 (679) 

[152–2,300] 

Liver fat, % 1.25 (1.68) 

[0.2–7.5] 

4.62 (5.03) 

[0.4–20.0] 

3.0 (5.4) 

[0.1–24.3] 

Leptin, pg/ml 18,670 (18,028) 

[740–77,640] 

32,917 (20,441) 

[5,170–70,790] 

13,848 (16,174) 

[468–64,798] 

HOMA-IR 1.14 (0.63) 

[0.3–2.5] 

2.17 (1.66) 

[0.4–7.9] 

1.33 (0.89) 

[0.2–4.2] 

Matsuda index 8.85 (4.61) 

[3.1–21.9] 

5.66 (3.11) 

[0.8–13.6] 

10.04 (6.96) 

[1.8–34.2] 

LDL cholesterol, mmol/L 2.60 (0.71) 

[1.5–4.4] 

3.03 (0.81) 

[1.6–5.1] 

2.86 (0.84) 

[1.0–4.0] 

HDL cholesterol, mmol/L 1.60 (0.38) 

[1.0–2.5] 

1.33 (0.41) 

[0.5–2.6] 

1.35 (0.31) 

[0.9–2.1] 

Triglycerides, mmol/L 0.96 (0.46) 

[0.4–2.5] 

1.30 (0.78) 

[0.5–4.4] 

1.06 (0.71) 

[0.4–2.8] 

hs-CRP, mg/L 2.52 (0.70) 

[0.2–13.9] 

4.06 (1.14) 

[0.2–26.0] 

1.17 (1.58) 

[0.1–8.2] 

Mean (SD) [range], BMI = body mass index, HOMA-IR = Homeostasis Model Assessment Insulin 
resistance, Matsuda index = insulin sensitivity index, LDL = low-density lipoprotein, HDL = high-
density lipoprotein, hs-CRP = high-sensitivity C-reactive protein. 

 

Even though BMI links with augmented adiposity and worsened metabolic 

health on average, it is insightful to confirm the consistency of this association 

in individual cases. Accordingly, in (nearly) all the 27 heavier co-twins of BMI-

discordant twin pairs, a higher BMI co-occurred with higher fat percentage, 
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subcutaneous fat, intra-abdominal fat, liver fat, but not fat-free mass 

proportion compared to leaner co-twins (Figure 6). The higher BMI is thus due 

to increased adiposity and not a high muscle mass of the heavier co-twin. Two 

of the heavier co-twins did have a slightly higher fat-free mass proportion 

(0.01% and 2.4%). In BMI-concordant pairs, adiposity proportion and 

distribution were more balanced between leaner and heavier co-twins. Body 

fat percentage and fat-free mass percentage did not add up to 100% (62 + 31 

= 93%) in the BMI-concordant twin pairs because body weight was measured 

with a weighing scale and fat and fat-free mass with a DEXA-scan. If the 

observed masses differ between methods, it is possible that one co-twin had 

both a lower proportion of fat mass and of fat-free mass. In these two cases, 

the differences were smaller than 1% for both proportions. 

 

 

Figure 6 Heatmap of the proportion of heavier co-twins with larger outcome measures than 
their leaner co-twins in 27 MZ BMI-discordant and 13 BMI-concordant twin pairs 
(Studies I, II, and III). 

5.1.3  CHARACTERISTICS OF DZ TWIN PAIRS (STUDY II) 

A similar average pattern of higher adiposity in heavier versus leaner co-twins 

appeared in DZ BMI-discordant twin pairs (Table 11). Compared to leaner and 

heavier MZ co-twins, DZ BMI-discordant co-twins were younger (Mann-

Whitney U test gave P < 0.05 for both leaner and heavier co-twins separately), 

and scored lower on BMI, fat mass, and fat percentage (leaner P < 0.001, and 

heavier P < 0.05). The size of the within-pair differences appeared comparable 

between MZ and DZ BMI-discordant twin pairs, besides fat percentage 

(Mann-Whitney U test gave P = 0.018), which was larger within DZ BMI-

discordant twin pairs. 
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Table 11 Characteristics, adiposity, and metabolic health measurements of DZ twin pairs 

participating in study II 

 
DZ BMI-discordant 

46 pairs 

DZ BMI-concordant 

29 pairs 

 Leaner co-twin Heavier co-twin Mean of pairs 

Age 27.4 (2.0) 

[23.7–31.5] 

27.5 (2.0) 

[23.7–31.5] 

28.3 (2.0) 

[24.3–31.4] 

Female, % 46 46 45% 

Height, cm 173.3 (8.1) 

[157.6–194.9] 

174.8 (8.6) 

[159.5–192.2] 

172.6 (8.4) 

[157.5–192.7] 

Weight, kg 65.0 (9.3) 

[48.2–85.4] 

87.6 (13.2) 

[65.2–124.1] 

72.8 (14.5) 

[50.7–99.6] 

BMI, kg/m2 21.5 (2.6) 

[17.8–28.6] 

28.7 (4.1) 

[23.7–38.2] 

24.3 (3.7) 

[17.2–32.5] 

Fat mass, kg 14.8 (8.1) 

[2.6–35.0] 

31.1 (11.4) 

[11.5–53.6] 

20.6 (7.6) 

[3.1–33.8] 

Body fat, % 22.3 (10.8) 

[4.5–45.4] 

35.2 (10.7) 

[13.5–53.9] 

28.0 (8.8) 

[6.1–45.2] 

Mean (SD) [range], BMI = body mass index. 

5.2 EFFECT SIZES OF BEHAVIORAL TRAITS (STUDIES 
I, II, III) 

This thesis pivots around the comparison of behavioral traits between MZ co-

twins with lower and higher BMI. In all MZ BMI-discordant twin pairs, effect 

sizes related to the differences in the core PA (nmax = 27 pairs), eating (nmax = 

29 pairs), and sleep (nmax = 36 pairs) behaviors and traits were ordered by their 

magnitude (Figure 7; exact effect sizes and p-values in Supplementary Table 

1). The effect sizes reflect the consistency and size of the differences between 

leaner and heavier co-twins. Negative effect sizes indicate that the leaner co-

twins perform this behavior more consistently and strongly, and vice versa for 

positive effect sizes. The results can be interpreted in either direction, 

depending on whether one considers a higher or a lower score on a behavior 

(e.g., leaner performs more PA vs. heavier performs less PA).  

Traits that characterized the leaner MZ BMI-discordant twins appeared in 

all three behavioral domains (Figure 7). In Study I, leaner co-twins spent 

longer time in higher intensities of objectively measured PA (r = -0.67, P = 

0.033), performed overall activity through objective daily steps (r = -0.63, P = 

0.048), and reported a higher sport index (r = -0.47, P = 0.032). We excluded 

the effect size for V̇O2max/kg (r = -0.87, P < 0.001) from the figure since this 

variable is confounded by fat mass, and thus misleading. In Study II, the leaner 

co-twins demonstrated more flexible control of eating behavior (r = -0.44, P = 

0.042) and a better regulation of food intake by eating more often according 
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to their needs (r = -0.31, P = 0.012). In Study III, they experienced longer 

nightly sleep (r = -0.39, P = 0.043).  

The heavier co-twin attributes mainly presented in the eating (Study II) 

and sleep (Study III) domains. They were more susceptible to disinhibited 

eating (r = 0.49, P = 0.023), and particularly the habitual aspects of 

disinhibited eating (r = 0.57, P = 0.004), as well as higher (non-disordered) 

binge-eating scores (r = 0.42, P = 0.048). Additionally, the heavier co-twins 

were more tired (r = 0.56, P = 0.009), exhibited more frequent and severe 

forms of snoring (r = 0.67, P = 0.001), and trended toward an eveningness 

chronotype (r = 0.49, P = 0.036).  

Evidence was lacking for substantial differences in most variables, 

including self-reported PA, cardiorespiratory fitness, lower intensity objective 

PA, calorie and macronutrient consumption, most forms of restrained, 

emotional, and external (over)eating, as well as objective sleep measurements, 

sleep debt, and sleep quality. 

In DZ BMI-discordant twin pairs (nmax = 46 pairs) included in Study II 

(effect sizes and p-values in Supplementary Table 2), the leaner co-twins were 

also characterized by more frequent optimal food intake (r = -0.31, P = 0.003; 

Figure 8). Heavier co-twins reported greater unhappiness with their body (r = 

0.62, P < 0.001), more proneness to loss of control over eating (r = 0.52, P = 

0.007), higher (non-disordered) binge-eating scores (r = 0.45, P = 0.007), in 

line with the findings in MZ BMI-discordant twin pairs. In addition, DZ 

heavier co-twins displayed a stronger (attempt at) restriction of food intake (r 

= 0.51, P = 0.007), and a greater urge to become thinner (r = 0.44, P = 0.011). 

Other eating behaviors and food intake (calories and macronutrients) showed 

minor within-pair differences. 

 In MZ and DZ BMI-concordant twin pairs, evidence was lacking for any 

relevant differences, except for a higher flexible control in the leaner MZ co-

twins (Supplementary Table 1 & Supplementary Table 2).  
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Figure 7 Bar chart of effect sizes for physical activity (PA), eating, and sleep behaviors in 

monozygotic (MZ) twin pairs discordant for body mass index (BMI), sorted by effect 
size. Matched-pairs rank-biserial correlation coefficient serves as effect size for 
continuous variables and Cliff’s delta for categorical variables. acategorical variable, 
*P < 0.05, **P < 0.01, ***P < 0.001. MVPA = moderate-to-vigorous physical activity, 
MEQ = Morningness-Eveningness Questionnaire, TFEQ = Three-Factor Eating 
Questionnaire, BSI = basic sleep items, IPAQ-LF = International Physical Activity 
Questionnaire Long Format, ffm = fat-free mass, DEBQ = Dutch Eating Behaviour 
Questionnaire, EDI-2 = Eating Disorder Inventory-2, BNSQ = Basic Nordic Sleep 
Questionnaire, BES = Binge-Eating Scale.  
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Figure 8 Bar chart of effect sizes for physical activity (PA), eating, and sleep behaviors in 
dizygotic (DZ) twin pairs discordant for body mass index (BMI), sorted by effect 
size. Matched-pairs rank-biserial correlation coefficient served as effect size for 
continuous variables and Cliff’s delta for categorical variables. acategorical variable, 
*P < 0.05, **P < 0.01, ***P < 0.001. TFEQ = Three-Factor Eating Questionnaire, 
DEBQ = Dutch Eating Behaviour Questionnaire, EDI-2 = Eating Disorder Inventory-
2, BES = Binge-Eating Scale.  

5.3 EXCERPTS STUDIES I, II, III 

5.3.1 STUDY I 

To compare the twins’ PA with WHO’s aerobic PA recommendation (e.g., 

minimum of 150 min moderate PA, or 75 min vigorous PA, or an equivalent of 

both), we calculated health-enhancing PA as time spent in moderate PA plus 

twice the time spent in vigorous PA (Figure 9). In BMI-discordant twin pairs 

(Study I), the leaner co-twins performed on average 118 min/week more 

health-enhancing PA than the heavier co-twins. Fifty percent of the leaner co-

twins reached the minimum WHO aerobic PA recommendation (150–300 

min/week) and the remaining 50% surpassed the WHO recommendation for 

additional health benefits (> 300 min/week). In contrast, 36% of the heavier 

co-twins failed to reach the minimum recommendations, though 29% even 

exceeded 300 min/week. 

Leaner co-twins topped the daily steps of heavier co-twins by 1,893 

steps/day. The majority of leaner co-twins proved somewhat active (46%) and 
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active (31%), whereas the heavier co-twins exhibited predominantly low 

activity (46%) and limited activity (31%). 

 

 

Figure 9 Bar chart displaying mean and 95% confidence interval of actigraphy-measured 
physical activity (PA) as intensity (health-enhancing PA, left y-axis) and overall PA 
(steps/day, right y-axis) in leaner and heavier co-twins from monozygotic (MZ) twin 
pairs discordant for body mass index (BMI) alongside recommendations (left y-
axis) and indications (right y-axis) of PA levels. WHO = World Health Organization. 

5.3.2 STUDY II 

In Study II, MZ and DZ co-twins in a pair evaluated their own eating behaviors 

in relation to their co-twin’s behavior. They answered who they thought 

performed a behavior more strongly, themselves or their co-twin. Nearly half 

of the 29 MZ and 35 DZ pairs came to an agreement on whom performed more 

healthy (44% and 48%, respectively) and unhealthy (43% and 47%) eating 

behaviors, which translated into BMI differences (Figure 10). Agreement on 

who eats healthily (regularity, slow pace, and selection of healthy food) 

associated with 4.1 kg/m2 (95% confidence interval, 95% CI [-6.6, -1.5], P = 

0.006) lower BMI in MZ pairs and 2.5 kg/m2 (95% CI [-5.1, 0.02], P = 0.028) 

in DZ pairs. Unhealthy eating comprised consumption of the amount of food, 

snacks, fatty foods, candies, and sweet and fatty delicacies. MZ and DZ BMI-

discordant twin pairs agreed that unhealthy eating was more characteristic for 

the heavier co-twins, as reflected by its association with higher BMI of 4.8 

kg/m2 (95% CI [2.6, 6.9], P < 0.001) in MZ and 4.7 kg/m2 (95% CI [2.8, 6.6], 

P < 0.001) in DZ twin pairs. Agreement on who is more concerned with dieting 



Results 

 

64 

 

and their appearance was lower (33% in MZ and 26% in DZ pairs) and failed 

to associate with substantial BMI differences (MZ: P = 0.31, and DZ: P = 0.85). 

 

 

Figure 10 Mean and confidence intervals of BMI differences (∆BMI) as a result of co-twin 
agreement on who performs which behavior more strongly. *P < 0.05, **P < 0.01, 
***P < 0.001. 

 

In the publication of Study II, the core behavioral traits were transformed to a 

scale of 0–100 to enhance comparison between behavioral traits of other 

questionnaires. However, exact scores and p-values were lacking. Therefore, 

the appendix includes a table of original values of eating behaviors (from 

TFEQ, DEBQ, BES, and EDI-2) and p-values of the comparison between 

leaner and heavier co-twins of MZ and DZ BMI-discordant and -concordant 

twin pairs (Supplementary Table 3 & Supplementary Table 4). 

5.3.3 STUDY III 

We assigned the MZ BMI-discordant twins’ self-reported and accelerometer-

measured sleep durations to commonly used categories (short sleep < 7 hours, 

normal sleep 7–9 hours, and long sleep ≥ 9 hours; Figure 11). In Study III, the 

heavier co-twins of MZ BMI-discordant pairs reported shorter sleep than their 

leaner counterparts (7.3 vs 7.6 h). This difference also appeared in the 

categories, with 18% more short sleepers instead of normal sleepers. This 

difference was less pronounced in objectively measured sleep duration. 
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Figure 11 Bar charts of self-reported and accelerometer-measured sleep duration categories 
(hours) in percentages (%) of leaner and heavier co-twins from pairs discordant 
and concordant for body mass index (BMI). P-value was calculated for differences 
in continuous variables of sleep duration between leaner and heavier co-twins, n = 
number of pairs. 

 

In Study III, larger subjective sleep debt showed no evident associations with 

BMI, but it correlated with elevated proneness to disinhibited eating and 

binge-eating behaviors (r~0.34), regardless of familial influences. 

Associations between self-reported sleep duration and such behaviors 

appeared smaller (r~-0.10) and lacked statistical support.  

5.4 BEHAVIORS, ADIPOSITY, AND METABOLISM 
(STUDIES I, II, III) 

Individual and pairwise correlation analyses between behaviors that 

consistently demonstrated low p-values (P < 0.05) and adiposity and 

metabolism will be mentioned below. 

In Study I, higher MVPA and steps correlated with lower fat percentage, 

leptin concentration, and insulin resistance (HOMA-IR). MVPA also 

associated with lower LDL, and steps correlated with lower BMI and higher 

insulin sensitivity (Matsuda Index). Most correlation coefficients sizes reached 

|r|~0.50, and fat percentage correlated most strongly with both amount and 

intensity of activity (|r| = 0.55–0.65). More time spent in light PA correlated 

with higher Matsuda Index and lower hs-CRP.  

A heatmap visualized partial correlations of eating behaviors (Study II) 

with adiposity and metabolic health measurements in MZ twin pairs (Figure 

12). A stronger predisposition to disinhibited and binge eating associated with 

higher subcutaneous fat deposition (correlation coefficients and p-values in 

Supplementary Table 5 & Supplementary Table 6). Binge eating also 

correlated with higher intra-abdominal fat. At the same time, a better flexible 
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control of eating behavior linked with lower BMI, intra-abdominal fat, liver 

fat, and LDL. Additionally, optimal regulation of food intake correlated with 

lower BMI, fat percentage, subcutaneous fat, and higher insulin sensitivity. 

Body dissatisfaction associated with higher BMI, and subcutaneous and intra-

abdominal adiposity compartments. While most correlations were moderate 

(r~0.35), body dissatisfaction correlated more strongly with subcutaneous fat 

(r = 0.66 for individuals, and r = 0.63 for pairwise analyses, P < 0.001 for 

both). 

The DZ twin pairs in Study II, with data only on BMI and fat percentage 

(Supplementary Table 7 & Supplementary Table 8), showed most dominant 

correlations of body dissatisfaction with BMI and fat percentage (r = 0.41 – 

0.56, P < 0.001 for all). Also, binge-eating score consistently associated with 

higher BMI and fat percentage (r = 0.23 to 0.34), and optimal food intake 

regulation correlated with lower BMI (r = -0.42 in individuals and r = -0.25 in 

pairwise correlations). 

In the MZ twin pairs in Study III, moderate correlations suggested that 

more frequent and severe snoring associated positively with all adiposity 

measurements (fat percentage, and subcutaneous, intra-abdominal, and liver 

fat), and circulating LDL cholesterol and triglycerides (correlation coefficients 

and p-values in Supplementary Table 9 & Supplementary Table 10; heatmap 

in Figure 13). 
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Figure 12 Heatmap of partial correlations of eating behaviors with adiposity and metabolic 
health measurements in monozygotic twin pairs. “Ind.” means correlations of 
individuals and “pair” indicates correlations of within-pair differences in eating 
behavior and outcome variables. *P < 0.05, **P < 0.01, ***P < 0.001. SC = 
subcutaneous, IA = intra-abdominal, HOMA-IR = Homeostasis Model Assessment 
Insulin Resistance, Matsuda index = insulin sensitivity index, LDL = low-density 
lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, hs-CRP = high-
sensitivity C-reactive protein.  
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Figure 13 Heatmap of partial correlations of sleep behaviors with adiposity and metabolic 
health measurements. “Ind.” means correlations of individuals and “pair” indicates 
correlations of within-pair differences in sleep and outcome variables. *P < 0.05, 
**P < 0.01, ***P < 0.001. SC = subcutaneous, IA = intra-abdominal, HOMA-IR = 
Homeostasis Model Assessment Insulin Resistance, Matsuda index = insulin 
sensitivity index, LDL = low-density lipoprotein cholesterol, HDL = high-density 
lipoprotein cholesterol, hs-CRP = high-sensitivity C-reactive protein. 
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6 DISCUSSION 

6.1 SUMMARY OF THE MAIN FINDINGS (STUDIES I, II, 
III) 

This thesis cross-sectionally investigated objective and subjective PA and 

cardiorespiratory fitness (Study I), eating behaviors (Study II), and objective 

and subjective sleep (Study III) in BMI-discordant and -concordant twin pairs. 

The objective was to uncover which behavioral variations coincided with BMI 

differences and which behaviors associated with adiposity and metabolic 

factors. Owing to our unique BMI-discordant twin study design, we were able 

to extract concurrent differences in behavioral traits and BMI while 

controlling for genetic factors – fully in MZ (all studies) and partially in same-

sex DZ (Study II) twin pairs – along with the adjustment for age, sex, and 

shared early life environmental factors.  

In MZ BMI-discordant twin pairs of Study I, the heavier co-twins took 

fewer objectively measured steps daily, spent less time in higher intensity 

activities, and self-reported less activity through sports (Figure 14). No 

differences emerged in other PA domains or intensities, and neither for 

cardiorespiratory fitness scaled by fat-free mass. Lower objective steps and 

MVPA associated with higher whole-body adipose tissue proportion, leptin 

concentration, and scores toward insulin resistance. MVPA had an inverse 

relationship with fat percentage, and higher light PA correlated with lower 

inflammation. 

In Study II, the heavier MZ co-twins exhibited lower flexible control, poorer 

food intake regulation, and higher scores on binge eating, disinhibited eating, 

habitual disinhibition, and stronger body dissatisfaction. The heavier co-twins 

of DZ BMI-discordant twin pairs reinforced these findings (except habitual 

disinhibition), besides a stronger drive for thinness and restrained eating. 

Total calorie and macronutrient consumption appeared similar between co-

twins. However, the co-twins who agreed upon whom of them performed a 

behavior more strongly demonstrated that heavier co-twins ate more food and 

more fatty food. Overeating behaviors and body dissatisfaction associated with 

larger subcutaneous fat stores, whereas optimal regulation of food intake 

associated inversely, and connected with better insulin signaling. Higher 

scores of binge eating and body dissatisfaction correlated with larger intra-

abdominal fat mass, in contrast to flexible control, which additionally showed 

inverse associations with liver fat and LDL cholesterol concentration. 

In Study III, the heavier MZ co-twins reported shorter sleep, greater 

tiredness, more severe and frequent snoring, and a chronotype trend toward 

eveningness. None of the objective measurements differed substantially 

between co-twins, and objective sleep duration even overlapped fairly strongly 

between co-twins. Larger subjective sleep debt associated with stronger 
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proneness to disinhibited eating and binge eating. Of the sleep variables, only 

snoring consistently associated with unhealthier adipose tissue storages and 

lipid concentrations.  

None of these behavioral differences emerged within the BMI-concordant 

twin pairs (excluding flexible control).  

 

 

Figure 14 Behavioral differences in monozygotic and dizygotic twin pairs discordant for body 
mass index (BMI) taken from the perspective of the leaner and the heavier co-twins 
(Studies I, II, and III). MVPA = moderate-to-vigorous physical activity, aObjective 
measurement through actigraphy, DZthis finding was present only in dizygotic twin 
pairs discordant for BMI. Upward arrow indicates higher scores than co-twins, and 
downward arrow lower than co-twins.  

6.2 TWINS, ADIPOSITY, AND METABOLISM (STUDIES I, 
II, III) 

The heavier co-twins from BMI-discordant pairs, regardless of zygosity, would 

on average be categorized as overweight (BMI = 29.9 kg/m2), but they were on 

the borderline of obesity. The leaner co-twins were categorized as normal 

weight (BMI = 23.4 kg/m2). As expected from earlier BMI-discordant twin 

studies (Pietilainen et al., 2008; Pietilainen et al., 2007), excessive body 

weight paired with unhealthier adipose tissue compartments (elevated 
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subcutaneous, intra-abdominal, and liver fat, and whole-body adipose tissue 

mass and proportion), worse insulin sensitivity, lipid concentrations, and 

endocrine conditions.  

Studies showed that, after the age of 8, BMI-discordant twins have a higher 

BMI over the course of their life than the British growth reference population 

of singletons (Cole, Freeman, & Preece, 1998; Naukkarinen, Rissanen, Kaprio, 

& Pietilainen, 2012; Pietilainen et al., 2004). Perhaps these twin pairs have a 

stronger genetic or environmental susceptibility to obesity, but it remains 

uncertain whether the leaner or heavier co-twins more closely follow their 

genetic predisposition. When eyeballing the averages, the leaner co-twins of 

BMI-discordant pairs and both co-twins of BMI-concordant pairs seem to be 

within a closer BMI, adiposity, and metabolic health range. It seems as if the 

heavier co-twins are rather exceptional than the leaner co-twins, with the 

assumption that randomly picked BMI-concordant twin pairs created a 

representative sample of the larger population. However, it cannot be ruled 

out that the leaner co-twins have an unusually low BMI for their 

predisposition. 

The genetic drive for similarity in MZ twin pairs might explain their higher 

age, BMI, and adipose tissue mass and percentage compared to DZ twin pairs. 

In other words, it took longer for substantial BMI differences to establish in 

MZ twin pairs. Aging and weight gain generally coincide, which could partly 

explain why the older leaner MZ co-twins had overweight and the younger 

leaner DZ co-twins had normal weight. 

6.3 PHYSICAL ACTIVITY AND OBESITY (STUDY I) 

In MZ BMI-discordant twin pairs, the heavier MZ co-twins objectively 

exhibited low activity with about 7,000 steps daily, whereas the leaner co-

twins were somewhat active with nearly 9,000 steps. Furthermore, the heavier 

co-twins’ MVPA fell into WHO’s minimum aerobic PA recommendation, with 

a daily average of 33 minutes. The leaner co-twins attained 46 minutes of 

MVPA, which would offer additional health benefits. Heavier co-twins 

performed less subjective sports activity, which might explain some of the 

objective MVPA and step differences. A study of 16 Dutch female BMI-

discordant MZ twin pairs highlighted similar though less pronounced 

objective PA discrepancies (Doornweerd et al., 2016): heavier co-twins 

accomplished daily over 7300 steps and 32 minutes MVPA, whereas the leaner 

co-twins reached nearly 8300 steps and 39 minutes MVPA.  

In a cohort of ~8,000 Canadian middle-aged adults, those who failed to 

reach 10,000 steps had 0.40 kg/m2 higher BMI than others, and those who 

failed to reach 150 minutes MVPA had a 1.0 kg/m2 higher BMI (Hajna, Ross, 

& Dasgupta, 2018). Daily steps most relevantly benefited health in the 

somewhat active category (≥ 7,500 steps/day). In comparison, the heavier co-

twins in both our Finnish and the Dutch cohort on average surpassed the 150 
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weekly MVPA minutes, but just fell short of the somewhat active step 

threshold, respectively, with only 500 and 200 extra steps needed.  

Another study of over 2,000 US adults suggested that longer time spent in 

MVPA seems to reap the most health benefits. This study showed a linear 

relationship between the more MVPA, the lower the mortality risk (Loprinzi, 

2015). The lowest risk arose at about four times the minimum MVPA 

recommendation (2,000 MET-min/month), a 45% lower risk of mortality. 

Higher MVPA levels appeared harmless though not extra beneficial for 

survival.  

To find out which behaviors contribute mostly to health, it is insightful to 

correlate behaviors with adiposity and metabolic traits. Greater amount and 

intensity of activity most strongly associated with lower adipose tissue 

proportion, independent of familial confounding. Our objective findings 

added to the results from a cross-sectional study of 2,500 Swiss individuals 

that found the strongest associations of subjective leisure time PA and 

vigorous PA with body fat percentage (in addition to BMI and waist 

circumference) (Wanner et al., 2016). In a large study of over 250,000 middle-

aged UK adults, higher self-reported total PA was associated with lower BMI 

and fat percentage (Bradbury, Guo, Cairns, Armstrong, & Key, 2017). 

Moreover, in individuals with the same BMI, the more active ones had lower 

fat percentage. This, in combination with our findings, suggests that PA might 

improve the proportion of whole-body adipose tissue proportion via lower 

accumulation of adipose tissue and higher build-up of skeletal muscle mass, 

regardless of familial influences.  

In BMI-discordant twin pairs who simultaneously differed in objective PA, 

heavier co-twins displayed 65% larger subcutaneous fat storage, 101% larger 

intra-abdominal fat storage, and 266% higher liver fat proportion at young 

adult age. In support, in aging twins with lifetime subjective PA discordance, 

the inactive twins displayed larger intra-abdominal fat area and higher liver 

fat (Leskinen et al., 2009). Even in young adult twin pairs with at least a three-

year subjective leisure time PA discordance, a substantial difference in the size 

of these adipose tissue stores was present, with larger masses in the inactive 

co-twins (Rottensteiner et al., 2016). Even though we found correlations 

between PA and intra-abdominal and subcutaneous adipose tissue in 

individuals, we were unable to substantiate this finding regardless of shared 

familial factors. In ~1,250 US citizens, MVPA was associated with lower 

subcutaneous and intra-abdominal adipose tissue, predominantly in women 

and less pronounced in men (Murabito et al., 2015). Perhaps we needed a 

larger sample size to attain statistical support for these associations, or the 

associations are dependent on the genotype.  

We were the first to associate objective PA with metabolic health indicators 

in a BMI-discordant twin design. Our findings suggested that higher total 

activity in steps and more time spent in MVPA linearly linked with lower 

insulin resistance (HOMA-IR), and MVPA with healthier cholesterol (lower 

LDL cholesterol but no link with HDL cholesterol), but associations with 
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triglycerides or low-grade inflammation (hs-CRP) were weak, independent of 

familial influences. In the aforementioned Canadian cohort of 8,000 

individuals, increased objective steps and MVPA also paired with lower insulin 

resistance and LDL cholesterol, and in addition they found links with lower 

inflammation (CRP) and higher HDL cholesterol (Hajna et al., 2018). Another 

study of 5,668 US adults recommended total activity rather than MVPA for 

benefits on, inter alia, HDL cholesterol, triglycerides, glucose, and 

inflammation (CRP) concentrations (Wolff-Hughes, Fitzhugh, Bassett, & 

Churilla, 2015). So, the literature supports that benefits of PA on HDL 

cholesterol, inflammation, and triglycerides exist, and it could be that we 

lacked the power to detect such associations. 

We further found associations of steps and MVPA with the appetite 

suppressant leptin, regardless of influences shared by twins. This replicated 

findings from a study of over 500 US women who wore a triaxial accelerometer 

for a week (Alessa et al., 2017) and a study of self-reported MVPA (Vella et al., 

2017). A lower leptin concentration signals a relative lack of energy, which 

encourages food intake. However, considering the hypothetical leptin 

resistance, the leaner co-twins with higher MVPA could have a stronger leptin 

sensitivity. Furthermore, Study II suggested that the heavier co-twins overeat 

in the absence of hunger. This may either imply that strong eating behaviors 

overtake the homeostatic indications of a full storage, or the heavier co-twins 

have become relatively desensitized to leptin and thus eat regardless (i.e., 

leptin resistance). However, evidence is lacking that PA improves appetite 

sensitivity (Beaulieu, Hopkins, Blundell, & Finlayson, 2016).  

A literature review underlined that light PA, adjusted for MVPA, inversely 

associated with all-cause mortality and triglyceride and insulin concentrations 

(Amagasa et al., 2018). We found that more time spent in light PA associated 

with better insulin sensitivity and lower low-grade inflammation but not with 

improved lipid concentrations. 

Overall, our findings in combination with the literature suggest that an 

increase in PA seems beneficial for insulin and leptin sensitivity, cholesterol, 

and inflammation, and thus might reduce risk of CVD and T2DM, regardless 

of age, sex, and familial confounding.  

Cardiorespiratory fitness, appropriately scaled by fat-free mass, was 

comparable between leaner and heavier co-twins. Although objective PA 

measurements differed between co-twins, both of their self-reported habitual 

PA domains and intensities were similar and exceptionally high, equal to about 

six to twelve times the minimal MET-min/wk recommended by the U.S. 

Department of Health and Human Services. This might explain their fitness 

similarity. In ten self-reported leisure time PA discordant twin pairs, the twins 

with higher PA had a better cardiorespiratory fitness, and along with that a 

lower body fat percentage and improved glucose metabolism (Rottensteiner et 

al., 2015). However, they scaled V̇O2max by total body mass, and although the 

twins had on average normal weight, their BMI ranged until obesity. In such a 

small study, the presence of a few obesity cases could induce an association 
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between fitness and adipose tissue proportion and insulin sensitivity. We 

confirmed that cardiorespiratory fitness scaled by body weight was misleading 

in individuals with large ranges in BMI (Savonen et al., 2012). A higher body 

mass due to excess adipose tissue largely reduced the V̇O2max/kg, while the 

main functional properties of cardiorespiratory fitness are in fat-free mass (the 

skeletal muscles, heart, and lungs). V̇O2max/kg and fat percentage thus showed 

opposite associations with adiposity and metabolic factors.  

6.4 EATING BEHAVIORS AND OBESITY (STUDY II) 

6.4.1 OVEREATING AND CONTROL OVER EATING 

In MZ and DZ BMI-discordant twin pairs, the results highlighted greater 

overeating behaviors in the heavier co-twins compared to their leaner co-

twins: stronger susceptibility to (habitual) disinhibited eating, higher binge-

eating scores, non-optimal food intake regulation (mainly eating beyond 

needs), and co-twins agreed the heavier co-twins ate more (fatty) food. 

Overeating happened unlikely solely due to the experience of negative 

emotions, external environmental cues, general self-restraint, and hunger. 

Instead, disinhibited eating reflects a comprehensive measure of overeating in 

response to a variety of such triggers (emotional, environmental [senses], and 

social) (French et al., 2012; Loffler et al., 2015). This shows that overeating is 

complex, and its triggers are multiple rather than singular in nature.  

Disinhibited eating was evidenced the most consistent eating behavior to 

concur with obesity and elevated energy consumption (Bryant et al., 2008; 

Bryant et al., 2019). Our results add that it links with BMI, regardless of 

genotype and early life environmental exposures and experiences. 

Furthermore, forms of overeating were most evidently linked with 

subcutaneous fat, and binge-eating score additionally linked to intra-

abdominal fat. The reports indicated that the twins were non-bingers, with 

scores far removed from a binge-eating disorder diagnosis. Interventions that 

encourage the ability to accept thoughts without getting caught up in them has 

potential to reduce binge eating (Lillis, Hayes, & Levin, 2011; Sala & Levinson, 

2017). These findings emphasize the importance of non-disordered overeating 

behaviors in relation to BMI, regardless of familial factors. 

Noticeably, in other studies, a disinhibited eating score of 6+ was 

considered high (Chaput et al., 2011; French et al., 2014). With this criterion, 

in MZ BMI-discordant twin pairs, even the leaner twins have high levels of 

disinhibited eating (6.2 in leaner vs. 7.7 in heavier co-twins). In DZ BMI-

discordant twin pairs, the differences presented itself far below 6 (2.7 vs. 3.8). 

This might indicate a strong genetic drive toward disinhibited eating in MZ 

BMI-discordant twin pairs.  

The one subcategory of disinhibition that stood out was habitual 

susceptibility to disinhibition. This denotes repetitive overeating in the 
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absence of hunger or during seclusion. At the time of study, our young adult 

twin pairs were of the same age as the women with high habitual disinhibition 

(90th percentile, likely 4–5) who were then at the start of their weight gain 

trajectory between age 30 and 60 (Hays & Roberts, 2008). The difference in 

habitual disinhibition is already present within the BMI-discordant twin pairs 

(1.8 in heavier and 1.0 in leaner co-twins, range 0–5), and this could further 

exacerbate the BMI differences in the long term.  

Our findings supported the benefits of flexible control and food intake 

regulation on BMI. These food intake controlling behaviors seem more subtle 

and might reflect a capability to eat according to the needs of the body 

regarding the amount, quality, and timing of food intake (Joki, Makela, & 

Fogelholm, 2017). Flexible control has been shown to diminish the effect of 

habitual disinhibition on BMI (Hays & Roberts, 2008) and encourage weight 

maintenance after weight loss (Sairanen, Lappalainen, Lapvetelainen, 

Tolvanen, & Karhunen, 2014). Setting flexible dietary boundaries allows you 

to consume anything in moderation, with compensation during other meals 

after the consumption of unhealthy but enjoyable foods or drinks. Interviews 

of 39 Finnish individuals who maintained a normal weight throughout their 

lives (age range 30–70) revealed that they share one general ability for weight 

management: flexible forms of self-regulation (Joki et al., 2017). Instead of 

periods of strict dieting, their lifestyle continuously, and rather generally than 

during specific periods, included a healthy diet, regular mealtimes, and the 

presence of PA, without concessions toward fatty foods. This, however, 

requires the ability to ingest unhealthy consumables in moderation. Possibly, 

the mechanisms of the body’s needs are impaired in obesity. In a brain study 

in MZ twins discordant for BMI, heavier co-twins displayed a reduced gray 

matter volume in cortical regions that play a role in valuation and reward 

processes (Weise, Bachmann, & Pleger, 2019), which are important for the 

regulation of eating behavior and food intake (Hollmann, Pleger, Villringer, & 

Horstmann, 2013).  

PA might improve the regulation of food intake. In twin pairs discordant 

for leisure time PA (Rintala et al., 2011), the co-twins with higher PA more 

frequently ate according to their needs than co-twins with lower PA. In 

agreement, we found higher PA and better food intake regulation in the leaner 

co-twins. Furthermore, in a brain study of individuals with overweight and 

obesity with impaired insulin signaling (but no T2DM), higher levels of 

disinhibited eating (but not hunger or restraint from TFEQ) associated with 

higher brain reactivity to food cues than non-food cues, whereas individuals 

with higher habitual PA (Baecke) showed an inverse association with brain 

reactivity to food cues (Drummen et al., 2019). Flexible control and optimal 

food intake regulation, supported by PA, could be suitable for intervention in 

young adults with higher BMI and susceptibility to disinhibition. Besides, 

flexible control showed potential protective properties against unhealthier 

adipose tissue stores (intra-abdominal and liver fat) and LDL cholesterol, and 

optimal food regulation was the single eating behavior that associated with 



Discussion 

 

76 

 

higher insulin sensitivity. Together, regaining control over eating could 

mitigate the risk of T2DM and CVD.  

6.4.2 DIETARY INTAKE AND CO-TWIN AGREEMENT 

All twins consumed macronutrient proportions approximately in accordance 

with the Nordic Nutrition Recommendations (Nordic Council of Ministers, 

2014). While no differences emerged in self-reported food intake, in the co-

twin comparison questionnaire many twin pairs agreed that the heavier co-

twins have unhealthier food intake and eating behavior habits than the leaner 

co-twins. This confirmed the expectation that individuals with higher BMI 

commonly underreport or undereat while under investigation (Goris, 

Westerterp-Plantenga, & Westerterp, 2000; Pietilainen et al., 2010). Co-twins 

with obesity underrecorded as much as 3.21.1 MJ/day (equal to 764263 

Kcal/day) compared to their true energy expenditure measured with doubly 

labeled water (Pietilainen et al., 2010), the gold standard for measuring energy 

expenditure. With the doubly labeled water method, the participant ingests 

water that consists of different isotopes (2H218O) than those usually present in 

water (1H216O). The two isotopes then leave the body at different rates. 2H 

leaves as water, mainly in the urine, whereas 18O leaves both as water and 

exhaled CO2. Therefore, the difference in loss rates of 2H and 18O is 

proportional to the rate of CO2 production, from which energy expenditure can 

be calculated. 

In general, our findings indicated that leaner co-twins eat more healthily, 

which included the choice of healthy foods, eating with regular schedules, and 

consuming food more slowly. The heavier co-twins ate unhealthier, which was 

an aggregation of eating more food, more snacks, fatty foods, sweet & fatty 

delicacies, and sweets. Our findings primarily showed the presence of elevated 

food and fatty food intake in individuals with higher BMI, regardless of shared 

familial influences. These findings reinforced earlier studies that introduced 

this co-twin comparison approach (Bogl et al., 2009; Pietilainen et al., 2010).  

6.4.3 BODY DISSATISFACTION 

The heavier co-twins experienced more body dissatisfaction than leaner co-

twins. Additionally, body dissatisfaction associated most strongly with 

subcutaneous fat, the adipose tissue depot that is the easiest detectable by eye. 

Body dissatisfaction is common in individuals with obesity, especially in 

women (Weinberger et al., 2016). The Western society values thinness and 

fitness, which strongly influences body image and weight stigma (Grogan, 

2017). Body dissatisfaction reflects an unhappiness with one’s appearance and 

these body ideals and expectations explain why the visible adipose tissue layer 

is connected to body dissatisfaction.  

It appears that the best way to increase body satisfaction is through weight 

loss (Sarwer & Thompson, 2002), and to some extent, body dissatisfaction 
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might conversely even form a psychological resource to stimulate healthy 

behaviors (Heinberg, Thompson, & Matzon, 2001). However, body 

dissatisfaction might also spiral into an eating disorder (Stice & Shaw, 2002). 

Interventions that aim to reduce body dissatisfaction, regardless of weight 

loss, are essential for immediate improvement in body satisfaction. Examples 

of promising tools are cognitive behavioral therapy, self-compassion 

meditation, cognitive dissonance-based intervention (providing other 

perspectives on body perception), and an acceptance mindfulness approach 

(experiencing without judgment) (Albertson, Neff, & Dill-Shackleford, 2015; 

G. S. Jankowski et al., 2017; Margolis & Orsillo, 2016; Moffitt, Neumann, & 

Williamson, 2018). Moreover, changes at the societal level to reduce weight 

stigma would be of utmost importance to reduce psychological discomfort 

from excess body weight (Rubino et al., 2020).  

6.5 SLEEP AND OBESITY (STUDY III) 

Most of the leaner and heavier co-twins fell within the normal subjective and 

objective sleep duration category (7–9 h). The heavier co-twins reported 

shorter habitual sleep than their co-twins. One study performed similar 

analyses in twin pairs discordant for self-reported sleep duration categories: 

normal (7–8.9 h) versus short sleeping (< 7 h) co-twins (Watson et al., 2010). 

In agreement with our findings, the short sleeper had a 1.0 kg/m2 higher BMI 

(25.7 vs. 24.7 kg/m2). These and our findings confirm that the perception of 

shorter sleep concurs with a higher BMI in young adults, as established by 

other study designs (Grandner et al., 2015; Itani et al., 2017), and we add that 

this co-occurrence persists regardless of familial factors. However, we cannot 

rule out that the experienced shorter sleep increased the genetic risk for a 

higher body weight (Watson et al., 2012).  

Objective sleep duration correlated fairly highly within twin pairs, 

potentially reflecting a strong genetic regulation of involuntary motoric 

movements during sleep. In contrast, an earlier obesity-discordant twin study 

invited twins to sleep on a mattress with a sensitive motion detector and 

showed that co-twins with obesity had more nocturnal activity (Kronholm et 

al., 1996), suggesting that excessive body weight linked with restlessness 

during sleep, regardless of familial influences. A subsequent study should use 

video-polysomnography, the gold standard for sleep assessment. 

The heavier co-twins experienced greater tiredness. This implies they felt 

less rested from their nightly sleep than the leaner co-twins, which logically 

concurs with their shorter sleep perception. Obesity has been linked to sleep 

impairments and daytime tiredness (Fogelholm et al., 2007), and our study 

suggests that this link is regardless of DNA and childhood environment shared 

by twin pairs. Unlike our lack of associations between tiredness and metabolic 

outcomes, a study connected tiredness with lower HDL cholesterol and higher 

triglyceride concentrations (Deary et al., 2018).  
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The heavier twins also experienced more intense and frequent snoring, 

both of which independently predict sleep apnea (Sowho, Sgambati, Guzman, 

Schneider, & Schwartz, 2020). People who suffer from sleep apnea also 

experience more tiredness (Chervin, 2000), so snoring could have contributed 

to the tiredness. Snoring was associated with increased adipose tissue storages 

(subcutaneous, intra-abdominal, liver, and whole-body proportion) and 

unhealthier lipid concentrations (higher LDL cholesterol and triglycerides). 

This strengthens the idea that excessive body weight is a risk factor for snoring 

and sleep apnea (Bloom, Kaltenborn, & Quan, 1988; Senaratna et al., 2017).  

Although the twin pairs reported similar bed and wake times, the heavier 

co-twins preferred a slightly delayed timing of events and performance, since 

they consistently scored closer toward the eveningness chronotype. Timing 

toward eveningness is suboptimal in a society that predominantly requires 

early day presence and performance. Combined with the intrinsic processes 

and artificial light that promote eveningness, this could easily result in a 

mismatch between the biological and the social clock (Albrecht, 2017), known 

as social jetlag (Wittmann, Dinich, Merrow, & Roenneberg, 2006). More 

specifically, to align sleep with social demands, one can retain a sufficient sleep 

duration by going to sleep earlier and waking up earlier than preferred. This 

creates a circadian misalignment and indicates a social jetlag (K. S. Jankowski, 

2017). When someone sticks to their circadian preference for bedtime but 

wakes up early for work, one builds up sleep debt rather than social jetlag. 

Formerly, both scenarios were interpreted as social jetlag. It is possible to have 

a combination of social jetlag (sleep onset time during free days differs from 

workdays) and sleep debt (the amount of time slept below needs). People tend 

to compensate for their social jetlag and sleep debt during free days.  

Some studies have shown that the timing of food intake seems relevant. In 

Spain, the median for the midpoint of time between breakfast and dinner was 

14.54 (Dashti et al., 2020). Those whose midpoints occurred before versus 

after that time were categorized as early versus late eaters. Compared to early 

eaters, late eaters displayed a higher BMI, elevated triglycerides, and lower 

insulin sensitivity. Similarly, later timing of food intake, even though identical 

in calories and dietary composition, impaired weight loss during intervention 

(Garaulet et al., 2013). In women with metabolic syndrome, an intervention 

that tested the diurnal timing of the largest caloric intake demonstrated that 

earlier intake of high-caloric foods was beneficial for the blood glucose 

concentration, insulin signaling, and triglycerides (Jakubowicz, Barnea, 

Wainstein, & Froy, 2013). However, these studies suggest a downside of late 

eating, regardless of chronotype. Dim-light melatonin onset is a commonly 

used indicator of the start of the biological night. Young adults with high body 

fat levels (> 21% in men, and > 31% in women) ingested most of their daily 

calories 1.1 h closer to melatonin onset than lean individuals (McHill et al., 

2017). The relative timing of food intake in relation to melatonin onset 

associated with BMI and body fat percentage, whereas no such associations 

were found for the actual time of consumption, number of calories, food 
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composition, PA level, or sleep duration. We found only trivial associations of 

chronotype with adiposity and metabolic health when excluding familial 

confounding, and we were unable to quantify the effects of the timing of eating 

behaviors and food intake in relation to chronotype.  

None of the sleep quality indicators differed substantially between the co-

twins, whether self-reported (i.e., sleep quality, morning or daytime tiredness, 

insomnia) or objectively measured (i.e., sleep efficiency, sleep latency, 

fragmentation index). The objective measurements suggested both co-twins 

attained sufficient sleep quality with sleep efficiency ≥ 85% and sleep latency 

under 30 minutes (Ohayon et al., 2017). In a previous twin study, an 

association was found between poorer sleep quality and higher BMI, 

regardless of familial influences (Madrid-Valero et al., 2017). It should be 

noted that the sleep quality variable in that study was a broader construct, as 

it also included self-reported sleep duration, latency, and efficiency, plus a 

measure of daytime dysfunction.  

People with insufficient sleep might evaluate their sleep quality as good due 

to the accumulation of sleep pressure. Therefore, instead of sleep quality, we 

expected that self-reported sleep debt (sleep duration minus sleep need) would 

provide insight into (in)sufficient sleep in the individual. Nevertheless, sleep 

debt neither emerged as a close link with BMI. A systematic review and meta-

analysis in children, adolescents, and young adults showed a potential link 

between poor sleep quality and obesity, even in some studies independent of 

sleep duration, though the evidence lacked temporal associations (Fatima, 

Doi, & Mamun, 2016). Whereas in our study subjective sleep debt appeared 

unrelated to obesity, it had a positive linear relationship with disinhibited 

eating and binge-eating scores. The further sleep duration fell below sleep 

need, the stronger the proneness to a loss of control over eating. Thus, failing 

to meet the body’s sleep need might coincide with impaired eating behaviors. 

In agreement, a sleep restriction study (five consecutive days with a five-hour 

nocturnal sleep window) showed that women, but not men, consumed more 

energy and gained weight (Markwald et al., 2013). In individuals with a 

predisposition to disinhibited eating scores (≥ 6), but not in those with low 

scores (≤ 3), short sleep (≤ 6 h) associated with higher energy intake (Chaput 

et al., 2011). Moreover, participants with short sleep (≤ 6 h) and high 

disinhibited eating (≥ 6) exceeded weekly alcohol consumption 

recommendations and went more frequently on drinking binges (Chaput, 

McNeil, Despres, Bouchard, & Tremblay, 2012). Therefore, combinations of 

unhealthy eating and sleep behaviors could predispose to other health-

detrimental behaviors. Subjective sleep debt could promote disadvantageous 

health behaviors that stimulate the development of obesity in the long term.  
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6.6 LIMITATIONS AND STRENGTHS 

6.6.1 STUDY DESIGN, CONFOUNDING, AND SAMPLE SIZE 

Studies I, II, and III have strengths and limitations. The cross-sectional study 

design lacks information on the temporality of events and therefore precluded 

causal inferences in any of the studies. Instead, cross-sectional studies are 

hypothesis-generating and help inform future prospective and intervention 

research.  

In any study design, it is important to control for confounding. 

Confounding happens when a factor is a cause of an outcome and correlated 

with the exposure but is unaffected by the exposure (McNamee, 2003). Failing 

to control for confounders might affect the strength of the associations 

between exposure and outcome. The twin design eliminated contributions of 

age, sex, genetics, and common early environmental influences on the exposed 

differences in BMI and behaviors. During adulthood, we found that smoking 

and alcohol consumption were similar between co-twins, and research has 

demonstrated that twin pairs generally portray a strong resemblance in 

educational attainment and socio-economic status (Marks, 2017; 

Silventoinen, Kaprio, & Lahelma, 2000). Hence, these variables were excluded 

as confounders.  

The size of the contribution of genotype and early shared environment to 

the phenotypes was unknown, and so was the amount overlap between co-

twins. In utero, the majority of MZ twins share a chorion and placenta, 

whereas all DZ pairs have a separate chorion and placenta. Sharing a chorion 

and placenta creates a more competitive prenatal environment for nutritional 

resources and results in greater birthweight discordance in MZ than in DZ 

pairs (Loos, Beunen, Fagard, Derom, & Vlietinck, 2001). However, this weight-

discordance contributed minimally to adult anthropometric discordance. 

Then again, similarity could be larger in MZ than DZ twins in case of a shared 

viral infection, for example (Martin et al., 1997). 

Contrary to common beliefs on selection bias in twin research, twins do 

represent the background population. They present with comparable health 

risks and predispositions to non-twin individuals (e.g., risk of CVD, cancer, 

and mortality (Oberg et al., 2012; Skytthe et al., 2019)). This enhances the 

external validity of the design. Furthermore, the equal environments 

assumption assumes that MZ and DZ twins experience similar environmental 

influences, particularly social influences. This has been subject of debate, since 

MZ twins who look similar receive more similar social responses in contrast to 

DZ twins, leading to a higher similarity within MZ pairs than DZ pairs. 

However, the equal environments assumption for MZ and DZ pairs does seem 

valid, as various traits appear unaffected (or minorly) in such way (Fagnani & 

Stazi, 2020). Nevertheless, we could not control for unique environmental 

influences during childhood that might have introduced early inconsistent 

behavioral development, which expressed only later in life as a BMI difference. 
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For example, PA during early developmental years might form a protective 

factor for obesity in later life (Street, Wells, & Hills, 2015).  

The BMI-discordant twin pairs included in this thesis are exceptional and 

therefore the sample size was small. The number of pairs with objectively 

measured PA and sleep were even lower due to the limited availability of 

actigraphy devices. Low statistical power might introduce type I errors, also 

known as false positives (low p-value for a non-existent difference). However, 

we screened ten full birth cohorts (n = 5,417 twin pairs, about 1/3rd MZ) to 

acquire 36 MZ BMI-discordant twin pairs (~2%), so our sample represents an 

exhaustive collection of MZ BMI-discordant twin pairs. The unique design 

itself compensates to some extent for the low power.  

We performed many tests and reported nominal p-values of the differences 

with conservative non-parametric tests (Sullivan & Artino, 2013). We 

performed no multiple testing corrections, because instead of multiple testing 

of one universal hypothesis, which could increase type I errors, we tested 

several independent hypotheses (Rothman, 1990). Therefore, a Bonferroni 

correction, for example, would have been too conservative because many of 

the independent variables are correlated (Bender & Lange, 2001).  

The benefit of a small study population is that it allowed for an in-depth 

investigation of lifestyle and physical characteristics. Moreover, this design 

offers valuable insights that might otherwise become diluted in a larger twin 

cohort where most twins are BMI-concordant pairs.  

6.6.2 THE COMPLEXITY OF GENETICS AND EPIGENETICS 

The rarity of BMI-discordant twin pairs emphasizes the strong genetic drive 

toward a certain BMI. We cannot rule out that these twins reflect an 

exceptional circumstance that is not translatable to the rest of the population. 

Nonetheless, it remains valuable to know which behaviors pair with these 

substantial BMI differences. Perhaps they contained genetic variants highly 

susceptible to environmental triggers, suggested as “variability genes” or 

“plasticity genes”: genes highly susceptible to environmental influences for a 

certain trait, both for better and for worse (Belsky, Bakermans-Kranenburg, & 

van IJzendoorn, 2007; Belsky et al., 2009; Berg, Kondo, Drayna, & Lawn, 

1989). For example, depending on the environment, the same gene could 

promote either a strong or a resistant form of emotional eating. Hence, such 

genes could amplify behavioral discrepancies within BMI-discordant twin 

pairs.  

We acknowledge the possibility of a shared genetic predisposition for BMI 

and behaviors. For example, certain genetic variants for daytime sleepiness 

(H. Wang et al., 2019) and eating behaviors (Grimm & Steinle, 2011) were the 

same as for BMI, suggesting that an increase in one might co-occur with an 

increase in the other. Moreover, short sleep appeared to create a permissive 

environment for the genetic liability for obesity (Watson et al., 2012), whereas 

higher levels of PA seemed to suppress this (Horn et al., 2015; Silventoinen et 
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al., 2009; B. Wang et al., 2016). Since eating behaviors might mediate the 

association between the genetic obesity risk and BMI (de Lauzon-Guillain et 

al., 2017; Jacob et al., 2018; Konttinen et al., 2015), sufficient sleep and PA 

might reduce the frequency and severity of these behavioral manifestations 

through inhibition of the genetic proneness to BMI.  

Even though the genetic sequence is the same in co-twins of MZ twin pairs, 

their gene expression might vary. Epigenetic profiling has shown that 

epigenetic markers change the gene expression without altering the DNA 

sequence (Diels, Vanden Berghe, & Van Hul, 2020). DNA methylation (the 

addition of a methyl-group to a cytosine-guanine dinucleotide site) is the most 

studied marker for epigenetic changes. Both environmental (e.g., lifestyle and 

nutrition (Obri, Serra, Herrero, & Mera, 2020)) and genetic factors underly 

the epigenetic expression. Epigenetic factors may influence obesity, energy 

consumption, insulin sensitivity, and circadian rhythms (Ramos-Lopez et al., 

2018). A study on BMI-discordant twin pairs compared DNA methylation 

between leaner and heavier co-twins and found a differential genetic 

expression in the subcutaneous adipose tissue (Pietilainen et al., 2016). Of the 

17 identified genetic sites, 4 sites were down- and 5 upregulated in the heavier 

co-twins. The downregulated sites related to lipid metabolism and some of the 

upregulated sites related to inflammation. These patterns further associated 

with the distribution of fat toward unhealthier sites (intra-abdominal and 

liver), insulin resistance, elevated triglycerides, and low levels of HDL. It is 

important to be aware of epigenetics and to remember that through twin 

studies we cannot exclude its impacts on behaviors and weight status. An 

individual’s history has likely shaped the epigenome, and subsequently it may 

affect how the body responds to (training) stimuli. 

6.6.3 THE FINE LINE BETWEEN HEALTHY AND UNHEALTHY 

A normal BMI is no guarantee for health, and, if anything, overweight (BMI ≥ 

25 kg/m2) is the new norm in Finland (~68% in men and ~52% in women 

(NCD-RisC, 2017)). As mentioned, BMI fails to take adipose tissue distribution 

and proportion into account, which is partly dependent on age and sex. By 

deep phenotyping of a subsample of twins, we found support for our 

assumption that a higher BMI links with unhealthier adipose tissue, at least in 

case of BMI-discordant twin pairs. 

Our studies conveyed the relevance of subclinical levels of relatively 

unhealthy traits that may predispose to obesity. The behaviors in our study 

were valued on a continuous scale rather than a binary scale, which 

complicates diagnosis of those at risk. Furthermore, the relative importance of 

behavioral contributions to BMI differences remains unknown. Unhealthier 

behaviors seemed to cluster in the heavier co-twins, though not all behaviors 

would be considered unhealthy. On average, the health-enhancing MVPA of 

the heavier co-twins was on the high end of the minimal recommendation, and 

they were only 500 steps removed from the somewhat active category. While 
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over 1/3rd of the heavier co-twins failed to reach minimum MVPA 

recommendations, nearly 1/3rd surpassed the threshold of additional health 

benefits. However, looking at steps, about 75% of the heavier co-twins fell in 

the low or limited activity categories. Their eating behaviors were unhealthier 

but at which level these are considered harmful is difficult to pinpoint (this 

likely depends on the individual and the combination with other behaviors). 

According to previously used cut-off points, both leaner and heavier MZ co-

twins would on average qualify for high disinhibited eating (≥ 6) but not high 

emotional eating (≥ 2.6). None of the DZ twins’ means fell within these high 

categories. The majority reached the recommended sleep duration, had an 

intermediate chronotype, and showed objective indications of sufficient sleep 

quality. Possibly, a combination of slightly unhealthier behaviors (the 

combination varies per person) contributed to the elevated BMI or vice versa. 

The clustering of fairly healthy but slightly unhealthier behaviors reflects the 

complexity of weight gain and obesity. Unfortunately, our sample size was too 

small to quantify interactions between behaviors in their association with 

BMI.  

Even though this PhD thesis applied summary statistics, it does not imply 

that a certain level of behavior should be the norm. Rather, per genotype, the 

level of behavior required for a healthy body may vary widely. Increasing PA, 

decreasing unhealthy eating behaviors, and improving and lengthening sleep 

seem beneficial for maintaining a normal body weight within a genotype, and 

possibly for any genotype. The exact amounts likely differ per genotype and 

should not be generalized. 

6.6.4 SELF-REPORT BIAS 

The accurate identification of the PA, eating, mental, and emotional influences 

that contribute to obesity remain among the main roadblocks to behavioral 

treatment of obesity (Wadden, Tronieri, & Butryn, 2020). 

Self-report of all kinds leads to misreporting of information, willingly or 

unwillingly, particularly through response bias. A recent review compared 

various dietary self-report methods – such as food frequency questionnaires, 

24 h food recalls, food records, and food diaries – to doubly labeled water. 

They concluded that the majority of these methods considerably 

underestimated energy intake (Burrows, Ho, Rollo, & Collins, 2019). This 

replicated the conclusion drawn in 2001 from thorough review of food 

records/diaries against doubly labeled water (Trabulsi & Schoeller, 2001), 

suggesting the accuracy of these methods failed to improve in the past decades. 

Furthermore, the probability of underreporting of energy intake increases 

with higher BMI (Livingstone & Black, 2003) and could be attributed to social 

desirability and higher restrained eating behaviors (Maurer et al., 2006).  

The typical food diary period lasts three to seven days (R. K. Johnson, 

2002). We chose three days because the quality of records declines with 

increased duration, and food recording places a relatively heavy burden on the 
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individual (R. K. Johnson, 2002). However, such short-term recording may 

misrepresent habitual food intake due to day-to-day variation in diet. The 

upside of food diaries is that these relieve the reliance on one’s memory in the 

commonly used 24-h dietary recall and food-frequency questionnaires. 

In Finnish BMI-discordant twins, the co-twins with elevated BMI 

overreported PA when validated against doubly labeled water (Pietilainen et 

al., 2010). Individuals with obesity more frequently overestimated the 

intensity of walking bouts (Brown & Werner, 2008) and vigorous PA (Warner 

et al., 2012) compared to accelerometer-measured PA. In the latter studies it 

should be noted that heavier individuals may perceive the same amount of PA 

as more intense. Other evidence suggested generally a weak overlap between 

PA measured by questionnaires and actigraphy whether tested by sex, age, 

BMI, or wear time (Skender et al., 2016). IPAQ-LF inquires activities that 

might be underestimated through (uniaxial) actigraphy. For example, the 

intensity of heavy lifting, chopping wood, and carrying light loads while 

walking will likely be underestimated by (uniaxial) actigraphy. This 

questionnaire provides relevant complementary information. 

Self-reported sleep is an evaluation and estimation of habitual sleep. This 

is dependent upon the individual’s memory and can only grasp an overall 

perception of sleep rather than precise daily estimates (Ibanez, Silva, & Cauli, 

2018). Generally, subjective sleep overestimates objective sleep (Lauderdale, 

Knutson, Yan, Liu, & Rathouz, 2008). The poorer the sleep quality, the more 

difficult the reporting. 

The MEQ scale is widely used to assess chronotype, also on a continuous 

scale, but it was mainly designed to qualitatively categorize morning and 

evening types, not intermediate types or anything in between. Certain 

intermediate types are bimodal: they display aspects of both morningness and 

eveningness. One study showed that 8% of a population of 1500 individuals 

were considered bimodal, 46% intermediate, 28% evening, and 17% morning 

(Martynhak, Louzada, Pedrazzoli, & Araujo, 2010). It could be insightful to 

separately investigate bimodal individuals. Overall, the MEQ does not 

measure a quantifiable phenotype, such as phase of entrainment, which 

reflects how well the circadian rhythm of the body is synchronized with 

zeitgebers (e.g., natural light exposure) (Roenneberg, 2015). To obtain a self-

reported physiological indication of a circadian trait, the Munich chronotype 

questionnaire is suitable (Roenneberg et al., 2003).  

6.6.5 ACTIGRAPHY BIASES 

The ActiGraph GT1M accelerometer is a widely used research tool for PA (John 

& Freedson, 2012). It captures most forms of human movement, but it fails to 

capture the intensity of strength training and aquatic activities (e.g., 

swimming, water polo), and it underestimates activity from cycling by ~73% 

(Herman Hansen et al., 2014). Cycling was unlikely the main mode of activity, 

since most participants were investigated during the cold season. Triaxial 
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accelerometers would have better captured a larger range of activities than the 

uniaxial accelerometers used in our study.  

When under investigation for a short period, people tend to become more 

active with the awareness of the activity monitor (Clemes & Deans, 2012), 

which might in part explain their fairly high activity levels (besides that the 

twins were healthy and young adults). Importantly, activity count values were 

unaffected by BMI (Feito, Bassett, Tyo, & Thompson, 2011), hence suitable for 

individuals with normal weight, overweight, and obesity. Nevertheless, it 

should be noted that the actigraphy method only measures movement and no 

other bodily indication of intensity. In heavier co-twins, activities that 

actigraphy identified as light PA might have raised heart rate substantially, 

which could still qualify as MVPA.  

Compared to polysomnography, actigraphy is cheap and will hardly 

interfere with daily life (Krystal & Edinger, 2008), thus it suits non-laboratory 

assessment of sleep over a longer time span (van de Water, Holmes, & Hurley, 

2011). The accuracy of actigraphs similar to the Actiwatch AW7 used in our 

study declines with poorer sleep quality, so it is mostly suitable for sleep 

assessment in healthy individuals (van de Water et al., 2011). Such actigraphs 

cannot distinguish between sleep and motionless wakefulness, nor between 

restless sleep and wakefulness (Kushida et al., 2001). Quiet wakefulness is a 

symptom of insomnia, but self-reported insomnia scores were low in both 

leaner and heavier co-twins, suggesting objective sleep was mostly identified 

accurately.  

6.7 FUTURE STUDIES 

One of the major limitations of obesity research is still imperfect behavioral 

assessment (Wadden et al., 2020). To increase objective and accurate 

understanding of behavior and its impact on obesity, technological 

advancements are essential. 

Dietary measurement methods most urgently require innovation to 

become more objective and honest (e.g., improving digital photography, 

chewing sensors, and utensil movement detectors) (Ravelli & Schoeller, 

2020). The inclusion of a proxy informant seems useful to retrieve honest 

information about the participants. However, this approach gives merely a 

global indication of behavioral differences. It could also function as a reference 

method to judge the validity of other self-reports. 

To tease out individual experiences of PA intensity, actigraphy should be 

complemented by heart rate monitors. Studies on cardiorespiratory fitness 

and obesity require renewed evaluation with scaling of fitness by fat-free mass 

instead of total body mass. The benefit of questionnaires over these 

technological assessments is that it can inquire long-term exposures and 

include proxy informants, particularly in dyadic research. Therefore, objective 

methods should go hand in hand with subjective methods. The WHO 
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recommends adults to undertake strengthening activities of all major muscle 

groups at least at moderate intensity on two or more days per week, on which 

we collected no data at this time. Future research should attempt to include 

information on strength training to achieve a more complete comparison with 

the WHO recommendations.  

Ideally, polysomnography would become available for home use, designed 

to minimally disturb sleep. Modern sensors, as found in commercial rings and 

watches, have future potential to study basic aspects of sleep in daily life. 

However, they fail to appropriately measure sleep stages, because they have 

no measurement of electroencephalography, electrooculography, or 

electromyography. Self-reported sleep debt might better reflect the level of 

insufficient sleep perceived by an individual than absolute sleep duration, 

because sleep need depends on the individual. Sleep debt should be separately 

analyzed for work and free days. Many people accumulate sleep debt during 

working days and have recovery sleep during the weekend. Chronotype could 

be dissected into separate elements of preferred timing of sleep, physical 

performance, and cognitive performance, and individually compared with the 

timing of other lifestyle behaviors (e.g., food intake, PA, and sleep) in relation 

to BMI. For the physiological measurement of chronotype through midsleep 

during free days (midpoint between onset and offset of sleep), as measured by 

the Munich chronotype questionnaire (Roenneberg et al., 2003), one needs to 

correct for both the impact of sleep debt and recovery sleep. 

Interventions should be developed for the uncovered PA, eating, and sleep 

behaviors (Figure 14) as an attempt to support obesity prevention and weight 

loss. Simultaneously, existing evidence-based interventions should be 

implemented into practical settings. It requires a network of healthcare and 

well-being institutions, schools, sport facilities, spatial planning, etc., to 

collectively reduce the burden of obesity.  

Researchers on genetics and epigenetics should continue to identify the 

(epi)genetic etiology and consequences of behaviors and obesity. This might 

help identifying risk groups, novel treatments, and individual tailoring of 

health advice. 

Overall, improved assessment methods, prospective long-term 

observational and experimental study designs, and large, diverse sample sizes 

are required for new and improved insights on behavior and obesity. 

Furthermore, embracing individuality and non-linearity of associations could 

help in customizing health advice to individuals. 

With a follow up of this BMI-discordant twin pair sample, we could make 

causal inferences on behaviors and BMI, and thus contribute to the 

triangulation of causal evidence. Triangulation tries to establish causality 

through the combination of results from studies that used different 

epidemiological methods of causality, such as Mendelian randomization, 

cross-context comparisons, negative control studies, and sibling analyses 

(ideally, discordant MZ twins) (Lawlor, Tilling, & Davey Smith, 2016). These 
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designs each have their own unique, non-overlapping biases that together 

strengthen the likelihood of true causality. 

Our findings implied that unique environmental exposures and 

experiences were mainly responsible for the differences in BMI and behaviors. 

Future research with the BMI-discordant twin design should try to disentangle 

these environmental contributions. This could inform interventions at the 

macro level, including neighborhood improvements toward an environment 

that promotes healthy behavior. To benefit population health in the long term, 

large scale changes are necessary. However, evidence for the effectiveness of 

neighborhood changes will require decades of development and research time.  

In the short term, changes at meso and micro level are required to learn to 

cope in an obesogenic environment. Perhaps as part of the school curriculum, 

it would be useful for late adolescents and young adults to become aware of 

their own behaviors and to get the knowledge and skills to ensure a healthy 

lifestyle that helps to protect them from weight gain. They need to be prepared 

to live healthily when living independently. Adults would benefit from easy 

access to voluntary lifestyle and health check-ups, ideally performed by 

healthcare professionals, but maybe this could be an opportunity to educate 

people to dedicate their working life to improving healthy living. 

Recommended check-ups, perhaps at borderline overweight BMI levels, could 

facilitate early detection of unhealthy behaviors and prevention of further 

deterioration of health and behaviors.
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7 CONCLUSIONS 

In general, lower PA, reduced control over eating, and less favorable sleep 

traits associated with a higher BMI, more adiposity, and poorer metabolic 

health, regardless of age, sex, DNA, and early life environment. Secondarily, 

self-reported sleep debt associated with overeating behaviors, independent of 

age, sex, and familial confounding. Although these familial factors contribute 

to behavioral and BMI development, lifestyle and BMI seem changeable 

through unique environmental experiences and exposures.  

Study I suggested that more objectively measured daily steps and time 

spent in higher intensity activities, and self-reported habitual sports 

engagement, but not cardiorespiratory fitness, concurred with a lower BMI. 

Moreover, this study pioneered evidence for associations of objective steps and 

MVPA with lower adipose tissue proportion, insulin resistance, and leptin 

levels, regardless of familial factors. This suggests that PA might improve 

appetite regulation and protect against T2DM. Spending more time in higher 

intensity activities might also lower LDL cholesterol. Furthermore, prolonging 

engagement in light intensity activities might lower whole-body inflammation 

levels. Overall, higher PA during adulthood appears beneficial for body weight 

and health, regardless of familial effects.  

Study II was the first BMI-discordant twin study to thoroughly investigate 

eating behaviors from DEBQ, TFEQ, and BES, and link key eating behaviors 

to adiposity and metabolic health. We highlighted the importance of 

subclinical levels of (habitual) overeating behaviors in relation to a higher BMI 

and subcutaneous fat, regardless of DNA and early life environment. 

Overeating seemed to happen due to the (habitual) susceptibility to a 

combination of multiple triggers, such as negative emotions, social occasions, 

and the sight, smell, or taste of food. Counteracting behaviors were food intake 

regulation and flexible control, which associated with a lower BMI. Eating 

according to one’s needs (optimal regulation) associated with lower 

subcutaneous fat and better insulin sensitivity. Setting loose boundaries 

without forbidden foods but eating in moderation (flexible control), correlated 

with lower intra-abdominal and liver adipose tissue and LDL cholesterol. 

Regaining control over eating might be essential to improve adiposity and 

insulin sensitivity. Expectedly, the co-twins self-reported similar food intake, 

likely due to misreporting or undereating while under investigation, and 

therefore the relations between BMI and calorie and macronutrient intake 

were lacking. When co-twins came to an agreement on whom of them 

performed a behavior more strongly, they generally agreed that the co-twin 

with higher BMI ate more food and more fatty food. Overall, they agreed that 

heavier co-twins exhibited more unhealthy and fewer healthy eating 

behaviors. Co-twins with higher BMI experienced also more body 



89 

 

dissatisfaction. The larger the intra-abdominal fat storage and especially the 

subcutaneous fat depot, the severer the body dissatisfaction.  

Study III uniquely studied actigraphy-measured sleep and self-reported 

chronotype in a BMI-discordant twin design. Furthermore, the use of sleep 

debt in such design was original, and particularly the correlations of objective 

and subjective sleep duration and sleep debt with eating behaviors and 

objective PA were novel. The heavier co-twins self-reported shorter sleep, 

greater tiredness, more snoring, and scores toward an eveningness 

chronotype, regardless of familial influences. Negligible differences appeared 

in actigraphy-measured sleep, and moreover, we found a strong within-pair 

resemblance in objective sleep duration, suggesting that involuntary nocturnal 

movements might be strongly genetically regulated. Higher snoring scores 

indicated poorer health, since it associated with larger and unhealthier 

adipose tissue storages and higher LDL cholesterol and triglyceride 

concentrations. A greater subjective sleep debt was unrelated to BMI but 

associated with stronger disinhibited eating and binge-eating behaviors, 

implying the more sleep debt, the stronger the proneness to overeating. 

In conclusion, these studies suggest that a healthier lifestyle co-occurs with 

a lower BMI and adiposity and improved metabolic health, regardless of 

otherwise confounding influences of age, sex, DNA, and shared early 

environmental factors. Thus, a healthier lifestyle possibly contributes to a 

lower risk of T2DM and CVD. These studies encourage future studies to tease 

out the temporal effects of the uncovered PA, eating, and sleep behaviors in 

relation to BMI, adiposity, and metabolism. To prevent obesity, lose weight, 

and improve metabolism in healthy young adults, the uncovered behaviors 

might form key components for intervention. 
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Supplementary Table 1 Effect sizes and p-values of core behaviors from Studies I, II, and III in 
MZ BMI-discordant and -concordant twin pairs, ordered by effect size 

Monozygotic twin pairs BMI-discordant  BMI-concordant  

 Effect size P Effect size P 

Moderate-to-vigorous PA (ActiGraph) -0.67 .033 0.38 .65 

Steps (ActiGraph) -0.63 .048 0.38 .36 

Sport index (Baecke) -0.47 .032 -0.05 .87 

Flexible control (TFEQ) -0.44 .042 -0.57 .042 

Total PA index (Baecke) -0.39 .083 0.24 .22 

Subjective sleep duration (BSI) -0.39 .043 0.03 .95 

Sleep need (BSI) -0.33 .088 -0.08 .67 

Leisure time PA (IPAQ-LF) -0.33 .14 -0.25 .44 

Optimal food intake regulation -0.31 .012 0.02 .75 

Carbohydrates (Food diary) -0.29 .19 -0.26 .24 

Cognitive restraint of eating (TFEQ) -0.28 .21 -0.15 .58 

Vigorous PA (IPAQ-LF) -0.27 .23 -0.01 .99 

Sleep quality (BSI) -0.23 .18 0.28 .051 

Objective sleep debt (BSI) -0.20 .54 0.33 .56 

Objective sleep duration (Actiwatch) -0.17 .59 0.06 .95 

Rigid control (TFEQ) -0.15 .49 -0.24 .49 

V̇O2max/ffm (Spiroergometry) -0.15 .53 -0.36 .27 

Walking PA (IPAQ-LF) -0.13 .55 0.24 .45 

Total PA (IPAQ-LF) -0.10 .68 0.23 .49 

Sleep efficiency (Actiwatch) -0.08 .83 0.72 .078 

Work index (Baecke) -0.05 .83 0.31 .35 

External eating (DEBQ) -0.04 .86 -0.33 .13 

Work PA (IPAQ-LF) -0.04 .88 0.12 .71 

Fragmentation index (Actiwatch) -0.03 .93 -0.67 .11 

Leisure time index (Baecke) -0.01 .96 -0.05 .90 

Total calories (Food diary) -0.01 .97 0.33 .13 

Internal hunger (TFEQ) 0.00 1.0 0.43 1.0 

Moderate PA (IPAQ-LF) 0.03 .90 -0.02 .98 

Protein (Food diary) 0.03 .90 0.08 .70 

Bulimia (EDI-2) 0.04 .91 0.13 .49 

Fat (Food diary) 0.07 .75 0.00 1.0 

Restrained eating (DEBQ) 0.09 .69 0.21 .34 

Alcohol (Food diary) 0.10 .64 0.09 .67 

Subjective sleep debt (BSI) 0.12 .53 -0.24 .23 

External hunger (TFEQ) 0.12 .58 -0.51 .58 

Daytime tiredness (BSI) 0.14 .48 0.19 .24 

Insomnia score (BNSQ) 0.15 .51 -0.41 .26 

Light PA (ActiGraph) 0.16 .64 0.02 1.0 

Morning tiredness (BSI) 0.17 .56 0.38 .36 

Susceptibility to hunger (TFEQ) 0.17 .43 0.00 .75 

Situational disinhibition (TFEQ) 0.20 .35 0.20 .35 

Transport PA (IPAQ-LF) 0.21 .35 0.05 .90 

Emotional eating (DEBQ) 0.25 .25 -0.13 .53 

Sedentary time (ActiGraph) 0.25 .44 -0.29 .50 

Emotional disinhibition (TFEQ) 0.30 .17 0.09 .17 

Sleep latency (Actiwatch) 0.30 .33 -0.22 .64 

Drive for thinness (EDI-2) 0.37 .10 0.11 .65 

Domestic and garden PA (IPAQ-LF) 0.38 .082 0.31 .33 

Binge-eating score (BES) 0.42 .048 0.14 .55 

Body dissatisfaction (EDI-2) 0.46 .041 0.14 .53 

Disinhibited eating (TFEQ) 0.49 .023 0.04 .96 

Chronotype toward evening (MEQ) 0.49 .036 -0.44 .24 

Tiredness score (BNSQ) 0.56 .009 0.28 .42 

Habitual disinhibition (TFEQ) 0.57 .004 -0.08 .004 

Snoring score (BNSQ) 0.67 .001 0.59 .087 

PA = physical activity, MEQ = Morningness-Eveningness Questionnaire, TFEQ = Three-Factor Eating 
Questionnaire, BSI = Basic Sleep Items, IPAQ-LF = International Physical Activity Questionnaire Long 
Format, ffm = fat-free mass DEBQ = Dutch Eating Behaviour Questionnaire, EDI-2 = Eating Disorder 
Inventory-2, BNSQ = Basic Nordic Sleep Questionnaire, BES = Binge-Eating Scale. 
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Supplementary Table 2 Effect sizes and p-values of core behaviors from Study II in DZ BMI-
discordant twin pairs, ordered by effect size 

Dizygotic twin pairs BMI-discordant BMI-concordant 

 Effect size P Effect size P 

External hunger (TFEQ) -0.32 .10 -0.32 .10 

Optimal food intake regulation -0.31 .003 -0.10 .51 

Susceptibility to hunger (TFEQ) -0.20 .35 -0.08 .94 

Fat (Food diary) -0.12 .54 -0.09 .69 

Flexible control (TFEQ) -0.11 .59 -0.11 .59 

Internal hunger (TFEQ) -0.11 .59 -0.11 .59 

Protein (Food diary) -0.08 .69 -0.19 .37 

Emotional disinhibition (TFEQ) -0.02 .98 -0.02 .98 

Carbohydrates (Food diary) 0.03 .88 -0.09 .69 

External eating (DEBQ) 0.06 .76 0.01 .97 

Cognitive restraint of eating (TFEQ) 0.14 .49 0.22 .67 

Bulimia (EDI-2) 0.16 .24 0.07 .057 

Emotional eating (DEBQ) 0.18 .36 0.23 .28 

Total calories (Food diary) 0.20 .32 0.14 .52 

Alcohol (Food diary) 0.23 .24 0.15 .50 

Habitual disinhibition (TFEQ) 0.26 .22 0.26 .20 

Rigid control (TFEQ) 0.26 .20 0.26 .22 

Situational disinhibition (TFEQ) 0.28 .18 0.28 .18 

Drive for thinness (EDI-2) 0.44 .011 0.19 .35 

Binge-eating score (BES) 0.45 .007 0.15 .48 

Restrained eating (DEBQ) 0.51 .007 0.07 .75 

Disinhibited eating (TFEQ) 0.52 .009 0.03 .73 

Body dissatisfaction (EDI-2) 0.62 <.001 0.38 .50 

TFEQ = Three-Factor Eating Questionnaire, DEBQ = Dutch Eating Behaviour Questionnaire, EDI-
2 = Eating Disorder Inventory-2, BES = Binge-Eating Scale. 
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Supplementary Table 3 Original values eating behavioral traits in MZ BMI-discordant and -
concordant twin pairs 

 Monozygotic twin pairs  

 BMI-discordant  BMI-concordant  

 Leaner Heavier P Leaner Heavier P 

TFEQ       

Cognitive restraint 8.2 (4.4) 7.0 (4.6) .22 4.4 (5.6) 3.9 (5.1) .58 

 Flexible control 3.0 (1.6) 2.1 (1.8) .042 2.9 (1.6) 2.4 (1.8) .094 

 Rigid control 2.7 (1.6) 2.3 (1.6) .49 2.7 (2.0) 2.4 (1.6) .50 

Disinhibited eating 6.2 (3.8) 7.7 (3.9) .022 3.0 (3.8) 3.1 (4.1) .96 

 Habitual disinhibition 1.0 (1.4) 1.8 (1.7) .004 1.1 (1.4) 0.9 (0.9) .84 

 Emotional disinhibition 0.9 (1.3) 1.3 (1.3) .17 0.8 (1.1) 1.1 (1.5) .72 

 Situational disinhibition 2.4 (1.5) 2.7 (1.2) .35 2.0 (1.2) 2.3 (1.3) .57 

Hunger susceptibility 4.6 (2.9) 4.8 (3.5) .46 2.2 (2.8) 2.1 (2.7) .75 

 Internal hunger 1.8 (1.7) 1.7 (1.5) 1.0 1.4 (1.5) 1.9 (1.7) .19 

 External hunger 1.8 (1.5) 2.0 (1.8) .58 1.6 (1.3) 0.9 (0.6) .12 

DEBQ       
Restrained eating 2.5 (0.7) 2.6 (0.6) .69 2.2 (0.9) 2.3 (0.8) .34 

External eating 2.9 (0.4) 2.9 (0.5) .86 2.6 (0.6) 2.5 (0.4) .13 

Emotional eating 2.0 (0.9) 2.2 (0.8) .26 1.8 (0.9) 1.7 (0.7) .53 

BES       

Binge-eating score 7.9 (6.1) 10.6 (6.9) .048 5.6 (4.8) 6.5 (5.9) .55 

EDI-2       

Drive for thinness 3.4 (4.4) 5.0 (5.2) .10 2.5 (3.9) 2.6 (4.6) .65 

Body dissatisfaction 7.2 (6.3) 9.9 (6.1) .035 3.4 (5.7) 4.4 (5.8) .49 

Bulimia 0.8 (2.1) 0.7 (1.4) .91 0.3 (0.9) 0.5 (1.3) .53 

Mean (SD), BMI = body mass index, TFEQ = Three-Factor Eating Questionnaire, DEBQ = Dutch 
Eating Behaviour Questionnaire, BES = Binge-Eating Scale, EDI-2 = Eating Disorder Inventory-2.   
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Supplementary Table 4 Original values eating behavioral traits in DZ BMI-discordant and -
concordant twin pairs 

 Dizygotic twin pairs  

 BMI-discordant  BMI-concordant  

 Leaner Heavier P Leaner Heavier P 

TFEQ       

Cognitive restraint 4.7 (5.0) 5.0 (5.5) .53 2.6 (3.9) 3.1 (4.3) .67 

 Flexible control 2.4 (1.7) 2.2 (2.0) .59 1.9 (1.6) 1.7 (1.3) .71 

 Rigid control 1.8 (1.5) 2.3 (1.8) .22 1.6 (1.6) 1.9 (1.5) .49 

Disinhibited eating 2.7 (2.6) 3.8 (3.6) .007 2.3 (3.0) 2.4 (2.9) .73 

 Habitual disinhibition 0.5 (0.6) 0.8 (1.1) .20 0.7 (0.8) 0.9 (1.2) 1.0 

 Emotional disinhibition 0.5 (1.0) 0.5 (1.0) .98 0.5 (0.9) 0.7 (1.0) .84 

 Situational disinhibition 1.6 (1.0) 2.0 (1.3) .18 1.8 (1.1) 1.7 (1.0) 1.0 

Hunger susceptibility 3.1 (2.9) 2.8 (3.2) .13 1.9 (2.9) 1.8 (2.5) .94 

 Internal hunger 1.6 (1.4) 1.5 (1.6) .59 1.3 (1.7) 1.0 (1.1) .57 

 External hunger 1.6 (1.1) 1.4 (1.4) .10 1.3 (1.2) 1.3 (1.0) 1.0 

DEBQ       
Restrained eating 2.0 (0.8) 2.5 (0.8) .007 2.1 (0.8) 2.2 (0.7) .75 

External eating 2.7 (0.5) 2.7 (0.6) .76 2.8 (0.5) 2.8 (0.4) .97 

Emotional eating 1.5 (0.7) 1.7 (0.8) .36 1.6 (0.5) 1.7 (0.5) .28 

BES       

Binge-eating score 4.9 (4.3) 7.4 (5.2) .007 5.5 (4.7) 6.1 (4.2) .48 

EDI-2       

Drive for thinness 1.1 (1.9) 2.7 (3.4) .011 1.2 (1.6) 1.8 (2.8) .35 

Body dissatisfaction 3.6 (5.1) 7.8 (7.0) <.001 3.0 (3.9) 4.7 (6.0) .057 

Bulimia 0.2 (0.6) 0.3 (0.8) .24 0.03 (0.2) 0.1 (0.5) .50 

Mean (SD), BMI = body mass index, TFEQ = Three-Factor Eating Questionnaire, DEBQ = Dutch 
Eating Behaviour Questionnaire, BES = Binge-Eating Scale, EDI-2 = Eating Disorder Inventory-2.  
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Supplementary Table 5 Partial correlation coefficients of relevant eating behaviors in 
relation to adiposity and metabolic health measurements in all MZ 
twin pairs from Study II 

  
Disinhibited 

eating 
Habitual 

disinhibition 
Binge-eating 

score 
Flexible 
control 

Food intake 
regulation 

Body dis-
satisfaction  

Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair 

BMI 0.31 0.20 0.29 0.18 0.35 0.19 -0.24 -0.35 -0.36 -0.51 0.54 0.33 

Fat % 0.30 0.25 0.26 0.11 0.35 0.12 -0.24 -0.14 -0.42 -0.35 0.57 0.22 

SC fat 0.31 0.33 0.31 0.30 0.28 0.33 -0.25 -0.32 -0.34 -0.39 0.66 0.63 

IA fat 0.16 0.19 0.21 0.26 0.24 0.33 -0.27 -0.41 -0.12 -0.28 0.48 0.43 

Liver fat 0.08 0.08 0.12 0.10 0.19 0.31 -0.26 -0.36 -0.16 -0.06 0.23 0.21 

Leptin 0.22 0.12 0.20 0.09 0.25 0.08 -0.14 -0.20 -0.39 -0.28 0.61 0.29 

HOMA 0.01 0.05 0.04 0.01 0.05 -0.2 -0.05 0.06 -0.20 -0.23 0.36 0.15 

Matsuda -0.09 -0.01 -0.02 0.23 -0.17 0.05 0.27 0.16 0.27 0.45 -0.34 -0.07 

LDL 0.01 0.36 -0.01 0.10 0.06 0.39 -0.25 -0.48 -0.09 -0.32 0.10 0.27 

HDL -0.09 0.04 -0.07 -0.05 -0.12 -0.10 0.08 0.21 0.08 -0.20 -0.08 -0.19 

TG 0.04 -0.13 0.03 -0.11 0.14 -0.17 -0.06 -0.05 -0.01 -0.15 0.24 0.27 

hs-CRP -0.10 -0.03 -0.10 -0.12 0.05 0.16 -0.06 -0.003 -0.09 -0.11 0.26 0.13 

BMI = body mass index, fat % = fat percentage, SC = subcutaneous, IA = intra-abdominal, HOMA[-
IR] = Homeostasis Model Assessment Insulin resistance, Matsuda [index] = insulin sensitivity 
index, LDL = low-density lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, TG = 
triglycerides, hs-CRP = high-sensitivity C-reactive protein. 
 
 
 
 

 

Supplementary Table 6 P-values of partial correlations between eating behaviors and 
adiposity and metabolic health measurements in all MZ twin pairs 
from Study II 

 
Disinhibited 

eating 
Habitual 

disinhibition 
Binge-eating 

score 
Flexible 
control 

Food intake 
regulation 

Body 
dissatisfaction  

Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair 

BMI .005 .21 .008 .26 <.001 .17 .030 .029 <.001 <.001 <.001 .02 

Fat % .006 .12 .018 .51 <.001 .37 .033 .39 <.001 .012 <.001 .13 

SC fat .006 .04 .007 .063 .014 .046 .027 .054 .002 .018 <.001 <.001 

IA fat .15 .25 .059 .12 .032 .041 .018 .013 .32 .096 <.001 .015 

Liver fat .47 .62 .29 .55 .092 .062 .025 .036 .16 .75 .053 .26 

Leptin .059 .48 .086 .58 .028 .64 .23 .25 <.001 .099 <.001 .11 

HOMA .91 .78 .69 .97 .57 .25 .65 .72 .039 .19 <.001 .42 

Matsuda .45 .96 .89 .17 .08 .79 .018 .36 .005 .007 <.001 .69 

LDL .95 .025 .91 .54 .50 .015 .027 .003 .36 .055 .32 .14 

HDL .42 .82 .54 .75 .20 .57 .48 .22 .40 .25 .41 .29 

TG .69 .42 .76 .49 .15 .3 .62 .77 .95 .37 .012 .13 

hs-CRP .40 .87 .40 .48 .68 .37 .60 .99 .45 .56 .029 .49 

BMI = body mass index, fat % = fat percentage, SC = subcutaneous, IA = intra-abdominal, HOMA[-
IR] = Homeostasis Model Assessment Insulin resistance, Matsuda [index] = insulin sensitivity, LDL 
= low-density lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, TG = triglycerides, 
hs-CRP = high-sensitivity C-reactive protein. 
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Supplementary Table 7 Partial correlation coefficients of relevant eating behaviors in 
relation to adiposity and metabolic health measurements in all DZ 
twin pairs from Study II 

 
Disinhibited 

eating 
Habitual 

disinhibition 
Binge-eating 

score 
Flexible 
control 

Food intake 
regulation 

Body 
dissatisfaction  

Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair 

BMI 0.34 0.16 0.30 -0.02 0.34 0.28 0.07 -0.22 -0.42 -0.25 0.56 0.41 

Fat % 0.31 0.07 0.24 -0.02 0.32 0.23 0.02 -0.21 -0.38 -0.21 0.54 0.43 

BMI = body mass index, fat % = fat percentage, SC = subcutaneous, IA = intra-abdominal, HOMA[-
IR] = Homeostasis Model Assessment Insulin resistance, Matsuda [index] = insulin sensitivity 
index, LDL = low-density lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, TG = 
triglycerides, hs-CRP = high-sensitivity C-reactive protein. 
 

 

 

 

 
Supplementary Table 8 P-values of partial correlations between eating behaviors and 

adiposity and metabolic health measurements in all DZ twin pairs 
from Study II 

 
Disinhibited 

eating 
Habitual 

disinhibition 
Binge-eating 

score 
Flexible 
control 

Food intake 
regulation 

Body 
dissatisfaction  

Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair Ind. Pair 

BMI .001 .30 .005 .91 <.001 .015 .49 .15 <.001 .044 <.001 <.001 

Fat % .003 .66 .026 .90 <.001 .050 .88 .17 <.001 .10 <.001 <.001 

BMI = body mass index, fat % = fat percentage, SC = subcutaneous, IA = intra-abdominal, HOMA[-
IR] = Homeostasis Model Assessment Insulin resistance, Matsuda [index] = insulin sensitivity 
index, LDL = low-density lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, TG = 
triglycerides, hs-CRP = high-sensitivity C-reactive protein. 
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Supplementary Table 9 Partial correlation coefficients of relevant sleep behaviors in relation 
to adiposity and metabolic health measurements in all MZ twin pairs 
from Study III 

 

Self-reported 
sleep duration 

Tiredness score Snoring score Chronotype toward 
eveningness 

  Ind. Pair Ind. Pair Ind. Pair Ind. Pair 

BMI -0.12 -0.19 0.13 0.07 0.47 0.28 -0.24 -0.17 

Fat % -0.11 -0.08 0.11 0.13 0.39 0.43 -0.24 -0.27 

SC fat -0.10 -0.21 0.08 0.13 0.46 0.36 -0.19 -0.24 

IA fat -0.15 -0.04 0.18 0.21 0.45 0.34 -0.32 -0.08 

Liver fat -0.08 0.12 0.23 0.19 0.31 0.36 -0.30 -0.18 

Leptin 0.17 -0.09 -0.01 0.10 0.21 0.30 -0.16 -0.29 

HOMA 0.25 0.27 0.06 0.17 0.21 0.07 -0.21 0.04 

Matsuda -0.02 -0.03 -0.08 -0.03 -0.33 -0.21 0.14 -0.05 

LDL 0.07 0.07 -0.02 0.23 0.24 0.46 -0.01 -0.04 

HDL 0.06 0.10 -0.02 0.07 -0.29 -0.22 0.16 0.001 

TG -0.06 0.17 0.12 0.12 0.25 0.39 -0.13 -0.03 

hs-CRP 0.07 -0.17 -0.06 0.16 0.23 -0.06 -0.27 0.07 

BMI = body mass index, fat % = fat percentage, SC = subcutaneous, IA = intra-abdominal; HOMA[-
IR] = Homeostasis Model Assessment Insulin resistance, Matsuda [index] = insulin sensitivity 
index, LDL = low-density lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, TG = 
triglycerides, hs-CRP = high-sensitivity C-reactive protein. 
 
 
 
 
 
Supplementary Table 10 P-values of partial correlations between sleep behaviors and 

adiposity and metabolic health measurements in all MZ twin pairs 
from Study III 

  
Self-reported 
sleep duration 

Tiredness score Snoring score Chronotype toward 
eveningness 

  Ind. Pair Ind. Pair Ind. Pair Ind. Pair 

BMI .15 .12 .25 .69 <.001 .09 .041 .35 

Fat % .18 .50 .33 .43 <.001 .008 .041 .14 

SC fat .31 .15 .49 .44 <.001 .03 .097 .19 

IA fat .12 .78 .12 .22 <.001 .042 .005 .67 

Liver fat .41 .41 .043 .28 .006 .031 .010 .33 

Leptin .14 .62 .94 .57 .066 .075 .17 .11 

HOMA .010 .12 .58 .31 .06 .68 .072 .85 

Matsuda .83 .88 .49 .86 .003 .24 .23 .79 

LDL .39 .64 .85 .17 .036 .004 .95 .83 

HDL .48 .50 .85 .66 .010 .20 .16 .99 

TG .51 .25 .28 .47 .025 .018 .25 .87 

hs-CRP .56 .35 .64 .36 .047 .72 .025 .73 

BMI = body mass index, fat % = fat percentage, SC = subcutaneous, IA = intra-abdominal; HOMA[-
IR] = Homeostasis Model Assessment Insulin resistance, Matsuda [index] = insulin sensitivity 
index, LDL = low-density lipoprotein cholesterol, HDL = high-density lipoprotein cholesterol, TG = 
triglycerides, hs-CRP = high-sensitivity C-reactive protein. 


