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ABSTRACT 

Background 

Low aerobic fitness and obesity are associated with atherosclerosis, and 
therefore greatly increase the risk of cardiovascular disease (CVD) and early 
death. It has long been known that atherosclerosis my begin early in life. 
Despite this fact, it remains unknown how obesity and aerobic fitness early 
in life influence the risks of atherosclerosis, CVD and death. Furthermore, it 
is unknown whether high aerobic fitness can compensate for the risks 
associated with obesity, and how genetic confounding affects the 
relationships of aerobic fitness with CVD and all-cause mortality. Thus, the 
main aims of this thesis were to investigate the associations of aerobic fitness 
in late adolescence with myocardial infarction (Study I), stroke (Study II) 
and all-cause mortality (Study III), and how genetic confounding influences 
the relationships of aerobic fitness with CVD, diabetes and death (Study IV). 

Methods 

The study population comprised up to 1.3 million men who participated in 
mandatory Swedish military conscription. During conscription, all 
conscripts underwent highly standardized tests to assess aerobic fitness, 
body mass index, blood pressure and cognitive function. A physician also 
examined all conscripts. Data on subjects’ diagnoses, death and 
socioeconomic status during follow-up were retrieved using record linkage. 
Subjects were subsequently followed until the study endpoint, date of death 
or date of any outcome of interest. Associations between baseline variables 
and the risks of adverse outcomes were assessed using Cox’s proportional 
hazard models. Genetic confounding of the relationships between aerobic 
fitness and diabetes, CVD and death was assessed using a twin population 
and a paired logistic regression model.  

Results 

In Study I, low aerobic fitness at conscription was associated with an 
increased risk of myocardial infarction (MI) during follow-up (hazard ratio 
[HR] 0.82 per standard deviation increase). Similarly, in Study II, high 
aerobic fitness reduced the risk of stroke (HR 0.84 for ischemic stroke, HR 
0.82 for hemorrhagic stroke; P < 0.001 for all), and obesity was associated 
with an increased risk of stroke (HR 1.15 for ischemic stroke, HR 1.18 for 
hemorrhagic stroke; P < 0.001 for all). In Study III, high aerobic fitness was 
also associated with reduced all-cause mortality later in life (HR 0.49, P < 



 IV 

0.001). High aerobic fitness exerted the strongest protection against death 
from substance and alcohol abuse, suicide and trauma (HRs 0.20, 0.41 and 
0.52, respectively; P < 0.001 for all). Obese individuals with aerobic fitness 
were at higher risk of MI and all-cause mortality than were normal-weight 
individuals with low fitness (Studies I and III). In Study IV, fit twins had no 
reduced risk of CVD or death during follow-up compared with their unfit 
twin siblings (odds ratio 1.11, 95% confidence interval 0.88–1.40), regardless 
of how large the difference in fitness was. However, the fitter twins were 
protected against diabetes during follow-up.  

Conclusions 

Already early in life, aerobic fitness is a strong predictor of CVD and all-
cause mortality later in life. In contrast to the “fat but fit” hypothesis, it 
seems that high aerobic fitness cannot fully compensate for the risks 
associated with obesity. The associations of aerobic fitness with CVD and all-
cause mortality appear to be mediated by genetic factors. Together, these 
findings have implications for the view of aerobic fitness as a causal risk 
factor for CVD and early death. 
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ABBREVIATIONS 

AFT – Accelerated failure time  

AGE – Advanced glycation end product  

ANN – Artificial neural network 

ApoB – Apolipoprotein B 

BMI – Body mass index 

BPA – Bisphenol A 

cAMP – Cyclic adenosine monophosphate 

CI – Confidence interval 

CT – Computed tomography 

CVD – Cardiovascular disease 

DXA – Dual-energy X-ray absorptiometry 

DZ – Dizygotic 

ECG - Electrocardiography 

FFA – Free fatty acid 

GWAS – Genome-wide association study 

HDL – High-density lipoprotein 

HDR – Hospital Discharge Registry 

HR – Hazard ratio 

ICD – International Classification of Diseases 

IGF – Insulin-like growth factor 

IL – Interleukin 

LDL – Low-density lipoprotein 
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LISA – Longitudinal Integration Database for Health Insurance and 
Labor Market Studies 

LPL – Lipoprotein lipase 

MCSR – Military Conscription Service Registry 

MI – Myocardial infarction 

MZ – Monozygotic 

NCDR – National Cause of Death Registry 

OR – Odds ratio  

PAR – Population attributable risk 

PPAR-α – Peroxisome proliferator-activated receptor alpha 

SAT – Subcutaneous adipose tissue 

SD – Standard deviation 

SEK – Swedish crown 

T2DM – Type II diabetes mellitus 

TG – Triglyceride 

TNF-α – Tumor necrosis factor-alpha 

VAT – Visceral adipose tissue 

VEGF – Vascular endothelial growth factor 

VLDL – Very-low-density lipoprotein 

VO2max – Maximal oxygen consumption 

WC – Waist circumference 

WHO – World Health Organization 

WMAX – Maximal Watts per second  
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SAMMANFATTNING PÅ SVENSKA 

Hjärt-kärlsjukdom är idag den vanligaste dödsorsaken och förorsakar 
också flest fall av långsiktig funktionsnedsättning. Den vanligaste formen 
av hjärt-kärlsjukdom är ischemisk hjärtsjukdom. Akut ischemisk 
hjärtsjukdom, eller hjärtinfarkt, inträffar när ett av hjärtats kranskärl 
täpps igen. Slaganfall, eller stroke, är den näst vanligaste formen av hjärt-
kärlsjukdom, vilken också leder till flest fall av permanent 
funktionsnedsättning. En stroke kan antingen bero på att ett blodkärl i 
hjärnan täpps igen, en så kallad ischemisk stroke, eller att ett blodkärl i 
hjärnan brister och börja blöda, en så kallad hemorragisk stroke. En 
majoritet av all hjärt-kärlsjukdom beror på ateroskleros, vilket avser 
inlagring av fett i och förkalkning av blodkärlen. Ateroskleros är en 
process som sannolikt börjar redan i tonåren för att sedan utvecklas i 
tysthet och göra sig hörd först senare i livet, i form av exempelvis en 
hjärtinfarkt eller en stroke.  

Låg fysisk prestationsförmåga, alltså låg kondition, är en av de starkaste 
riskfaktorerna för ateroskleros, hjärt-kärlsjukdom och för tidigt död. 
Likaså är fetma förknippat med accelererad ateroskleros, förhöjd risk att 
drabbas av hjärtkärlsjukdom och för tidig död. Trots att ateroskleros är 
ett förlopp som börjar så tidigt som i tonåren är det idag otillräckligt 
undersökt hur låg kondition samt fetma tidigt i livet interagerar och 
påverkar risken för hjärt-kärlsjukdom och tidig död. Vidare har det de 
senaste åren spekulerats i huruvida riskökningen för sjukdom och död 
förknippad med fetma kan kompenseras av en hög kondition. Denna 
hypotes har kallats ”fat but fit” och gör gällande att en person med fetma 
som har en hög kondition har samma eller till och med lägre risk för 
hjärt-kärlsjukdom och död i jämförelse med en normalviktig person med 
låg kondition. Underlaget för denna hypotes har emellertid flera brister 
och ytterligare studier med mer precisa mått och större studiebefolkning 
vore av värde. Slutligen så används ofta kondition som ett riskmått, och 
används då ofta som en uppskattning av fysisk aktivitet. Vidare har 
studier som undersökt kopplingen mellan kondition och sjukdom 
översatt sina resultat till rekommendationer gällande fysisk aktivitet. 
Tvillingstudier har dock indikerat att konditionen har en påtaglig ärftlig 
komponent. Om sambandet mellan kondition och sjukdom samt död 
också kan förklaras av denna ärftliga komponent är idag okänt.  
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Syftet med den här avhandlingen var att undersöka tre huvudsakliga 
frågeställningar: 

 
I. Hur låg kondition och övervikt tidigt i livet påverkar risken för 

hjärt-kärlsjukdom och för tidig död senare i livet.  
II. Skyddar hög kondition överviktiga individer från att drabbas av 

hjärt-kärlsjukdom och att dö jämfört med normalviktiga 
personer med låg kondition? 

III. Hur påverkar ärftliga faktorer sambandet mellan kondition, 
hjärt-kärlsjukdom, diabetes och död?  

Samtliga studier i denna avhandling har utgått från det svenska 
mönstringsregistret. Under mönstringen fick alla rekryter genomgå 
flertalet tester och undersökningar, bland annat mättes kondition, 
kroppsmasseindex (BMI), muskelstyrka, intelligens, blodtryck och en 
läkarundersökning genomfördes. I studierna som ligger till grund för 
denna avhandling har upp till 1.3 miljoner av de personer som deltog i 
mönstringen studerats. Testresultaten från mönstringen har kopplats till 
risken för att insjukna i hjärtinfarkt (Studie I), stroke (Studie II) och 
risken för att dö (Studie III). För att undersöka arvets inverkan på 
sambandet mellan kondition, sjukdom och död jämfördes tvillingpar där 
tvillingsyskonen hade olika kondition. Den vältränade tvillingen 
jämfördes med sitt mindre vältränade syskon med avseende på risken att 
insjukna i typ-2 diabetes, hjärt-kärlsjukdom eller att dö (Studie IV).  

I Studie I konstaterades att hög kondition vid mönstringen skyddade mot 
hjärtinfarkt senare i livet (HR 0.82 per ökning av en standardavvikelse, P 
< 0.05). I Studie II kunde vi visa att kondition tidigt i livet också 
skyddade mot både ischemisk och hemorragisk stroke (HR 0.84 och 0.82 
per standardavvikelse för ischemisk respektive hemorragisk stroke, P < 
0.05 för båda).  

I studie III jämfördes den femtedel av rekryterna med högst kondition 
med femtedelen som hade lägst kondition. De mest vältränade hade 51 % 
lägre risk att dö i jämförelse med de minst vältränade. I både Studie I och 
III jämfördes obesa individer (med ett BMI ≥ 30) som hade hög 
kondition med normalviktiga individer (med ett BMI mellan 18.5 och 25) 
med avseende på risk för hjärtinfarkt och död. I båda studierna hade de 
överviktiga individerna högre risk än de normalviktiga. I Studie IV 
jämfördes vältränade tvillingsyskon med sina mindre vältrande 
tvillingsyskon med avseende på risken för hjärt-kärlsjukdom, diabetes 
och död. Vältränade tvillingar hade inte en lägre risk för 
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hjärtkärlsjukdom och död än sina otränade tvillingsyskon. Detta 
samband kvarstod när bara tvillingar med stor skillnad i kondition 
jämfördes. De mer vältränade tvillingarna var dock skyddade mot 
diabetes under uppföljningstiden.  

Sammanfattningsvis har studierna i denna avhandling visat att låg 
kondition och fetma redan tidigt i livet är kopplat till risken för hjärt-
kärlsjukdom. Hypotesen ”fat but fit” kunde inte bekräftas vare sig för 
risken att drabbas av hjärtinfarkt eller att dö i förtid. Resultaten från 
tvillingparen antyder vidare att kopplingen mellan kondition och risken 
för hjärt-kärlsjukdom samt död förmedlas via arvet. Studien visade också 
att hög kondition skyddar mot diabetes oberoende av arvet. Dessa fynd 
har implikationer för det förmodade kausala sambandet mellan fysisk 
kapacitet, sjukdom och död. 
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INTRODUCTION 

Cardiovascular disease (CVD) is the world’s leading cause of death and 
the leading contributor to long-term disability. [1] Low aerobic fitness 
and obesity are two of the strongest predictors of CVD and all-cause 
mortality. [2, 3] It is presently unknown how aerobic fitness early in life is 
associated with the risks of CVD and death later in life, and whether high 
aerobic fitness can compensate for obesity in terms of the risks of disease 
and death. Finally, the importance of genetic heritage with respect to the 
associations of aerobic fitness with CVD and all-cause mortality is 
unclear.  

Aerobic fitness is defined as an individual’s ability to perform a strenuous 
activity, usually determined by a maximal performance exercise test. 
Apart from characterizing an individual’s physical status, aerobic fitness 
is also a strong indicator of health. In selected studies, aerobic fitness 
outperformed all classical risk factors in the prediction of CVD and all-
cause mortality. [2] Obesity, defined as body mass index (BMI) ≥ 30 
kg/m2, is also a strong risk factor for CVD and all-cause mortality. [3] 
Atherosclerosis is the underlying cause of most cases of CVD. This 
inflammatory and progressive condition likely begins early in life; it is 
unknown, however, how obesity and low aerobic fitness early in life 
impact the risks of CVD and death later in life. 

Whereas low aerobic fitness increases the risks of disease and death, high 
aerobic fitness exerts a protective effect. The protective effect of high 
aerobic fitness in relation to obesity has been the topic of several recent 
studies. The central question has been whether high aerobic fitness can 
fully compensate for the hazards of obesity. Selected studies have found 
that high aerobic fitness does indeed compensate for obesity, launching 
the “fat but fit” hypothesis. [4-9] Although some studies have delved into 
this matter, population-wide studies with reliable measurements of both 
obesity and aerobic fitness are lacking.  

Aerobic fitness is a commonly used risk factor, often used synonymously 
with habitual physical activity. However, twin studies have demonstrated 
that fitness is largely a genetic trait, with little influence from physical 
activity. [10, 11] A remaining question is how genetic factors influence the 
associations of aerobic fitness with CVD and death. 
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The present thesis aimed to answer three principal questions:  

 
I. How do aerobic fitness and obesity in late adolescence 

influence the risks of CVD and all-cause mortality later in 
life? Specifically, how does aerobic fitness relate to 
myocardial infarction (MI), stroke and all-cause mortality? 

II. Is the “fat but fit” hypothesis true, i.e., can high aerobic 
fitness compensate for the hazards of obesity? 

III. How does genetic confounding affect the relationships of 
aerobic fitness with CVD and all-cause mortality? 

  
  

  
  
  
  
  
  
  
  
  
  
  
  
 

  
  
  
  
  
 
  

  
  

 
 



 

 3 
 

OBESITY 

Definitions of obesity 

The World Health Organization’s (WHO’s) definition of excess body fat – 
or obesity – is based on the BMI, which is expressed as body weight (in 
kilograms) divided by height (in meters) squared. BMIs ≥ 18.5 to 24.9 
kg/m2 are considered to represent normal weight, BMIs ≥ 25 kg/m2 are 
considered to represent overweight and BMIs ≥ 30 kg/m2 are considered 
to represent obesity. Obesity can be divided further into grade I (≥30–
34.9 kg/m2), grade II (≥35–39.9 kg/m2) and grade III (≥40 kg/m2; severe 
obesity). [12] It is important to note that some studies have suggested 
that the categories specified above are not suitable for certain ethnicities 
and age groups. [13, 14] Obesity can also be defined based on the amount 
of fat tissue located in the abdominal region, often referred to as 
abdominal fat mass. Waist circumference (WC) is an easily accessible 
measure for the assessment of abdominal fat mass. According to the 
National Institute of Health, WCs > 102 cm for men and > 88 cm for 
women constitute obesity. [15] The relationship between waist and hip 
circumferences can also be used to define obesity. Waist-to-hip ratios > 
0.9 and > 0.85 for men and women, respectively, serve as the central 
obesity criteria released by the WHO. [16] 

Although definitions based on total fat mass and specific fat placement 
are yet to be formulated, several methods do exist that provide very 
accurate measurements of body fatness and its location. Among these, 
dual-energy X-ray absorptiometry (DEXA) is considered to be the gold 
standard. Using X-rays of different energies, a DXA scan provides very 
precise measurement of body fat percentage and bone mineral density; it 
can also be used to assess visceral and gynoid fat mass. [17] Other 
methods include magnetic resonance imaging and computed tomography 
(CT), both of which illustrate the anatomical distribution of fat, 
bioelectric impedance and the plethysmograph (“BodPod”). [18, 19]  
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Figure 1. Results from different measurements of body composition components: a DXA-
scan (left) and an MRI scan (right) that assess the amount and placement of VAT, SAT, lean 
soft tissue (LST) and skeletal muscle (SM) among others. Image source: Prado et al., 2014, J 
Parenter Enteral Nutr. [20] 

Epidemiology 

Obesity is becoming more common. Between 1980 and 2008, the global 
mean BMI increased steadily: 0.4 kg/m2 per decade for men and 0.5 
kg/m2 for women. During this time period, the number of obese adult 
individuals almost doubled. [21] Trends have been similar in Sweden, 
where the prevalence of obesity has doubled since 1980. [22] This global 
trend of obesity affects not only adults, but also children, in whom the 
prevalence of obesity has increased 60% since 1990 and is expected to 
reach a 116% increase in 2020. [23] Previously a phenomenon of the 
industrialized world, childhood obesity now affects children in developing 
countries as well. In 2010, an estimated 43 million preschool children 
were overweight or obese, of whom 35 million lived in the developing 
world. Relative increases in the number of overweight children are also 
greater in developing countries; in Africa, a 49% increase is projected to 
occur by 2020. [23] The wave of childhood obesity is a cause for concern, 
as excess body fat early in life often perpetuates into adulthood. [24] In 
light of these developments, the WHO has declared that obesity is a 
global epidemic. [25]  
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The fear of obesity stems from its close relation to disease. Strong, graded 
associations have been observed between obesity and type II diabetes, 
CVD, depression, dementia and several forms of cancer. [26-30] By 
extension, these associations translate into increased all-cause and cause-
specific mortality. Today, the expected lifespan of an obese individual is 3 
years shorter than that of a normal-weight individual, and the 
corresponding number for someone with severe obesity is 10 years, i.e., in 
parity with smoking. [3, 31] In the wake of the obesity epidemic come 
increasing healthcare costs. In Sweden alone, patient care associated with 
obesity comprises several percent of the total healthcare expenditure. 
[32]  

 

The pathophysiology of obesity  

The physiology of fat tissue 

From an evolutionary standpoint, fat cells – adipocytes – and their 
accumulation serve the vital purpose of energy storage, enabling survival 
during long periods of diminished energy intake. Such resistance against 
seasonal changes in the abundance of food and, perhaps, poor hunting 
fortune paved the way for our long-term survival. For a long period of 
time, fat tissue was viewed simply as an organ of energy storage. Recent 
scientific discoveries, however, have brought about a more nuanced view 
of human fat tissue, demonstrating its role as an organ with both energy 
storage and endocrine functions. Leptin, for example, is a hormone 
secreted from fat tissue that is responsible for restoring blood glucose to 
normal levels (euglycemia) during excessive energy intake. This is 
achieved by down-regulating appetite through the hypothalamus and 
increasing fatty acid oxidation. In addition, leptin recruits tissue-
repairing macrophages to protect the body from the cellular stress 
associated with excessive energy intake. Adiponectin is another hormone 
secreted from fat tissue with a multifaceted array of receptor targets, the 
downstream effects of which include increased insulin sensitivity, 
increased fatty acid oxidation and up-regulated energy expenditure. [33]  

Leptin and adiponectin are part of a larger group of fat tissue–derived 
hormones named adipokines. The excretion of adipokines is a result of 
the amount of adipose tissue and the interplay among its various 
constituent cell types. Apart from leptin and adiponectin, the pro-
inflammatory interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α), 
the insulin-sensitivity modulators resistin and retinol binding protein-4, 
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and the blood-pressure modulating angiotensinogen are also secreted. 
[34, 35] Generally speaking, the secretion of adipokines is tied to the 
amount, location and size of fat cells. Given a balanced intake and 
expenditure of energy, they are part of the physiological regulation of 
energy metabolism, or homeostasis. When energy intake begins to exceed 
energy consumption, fat cells accumulate and expand; when this 
accumulation is too great, the secretion of adipokines can become 
unbalanced and pathological. [36] 

The pathophysiology of excessive fat tissue 

The association between excessive fat mass and disease is not linear. 
Instead, it varies with the location, size and sub-type of fat cells.  

Size of fat cells 

When the body receives more energy than it expends, the superfluous 
energy is converted to free fatty acids (FFAs) and, ultimately, 
triglycerides (TGs), which are stored in fat cells. The process of storage 
relies on increases in the size (hypertrophy) and number (hyperplasia) of 
adipocytes. [37] When controlled hypertrophy alone cannot meet the 
demand for TG storage, hyperplasia of adipocytes begins. However, this 
process – called adipogenesis – is not without limit. During a sustained 
energy surplus, the body exhausts its capacity to perform adipogenesis. 
Under such circumstances, hypertrophy of adipocytes ensues without the 
compensatory addition of new cells, leading to gross swelling of the 
existing cells. These engorged adipocytes have dysfunctional adipokine 
release and an impaired ability to absorb fats from the circulation, and 
they contribute to increased inflammation by recruiting macrophages. 
[37-40] 

Location of fat cells 

Deposits of fat cells are localized subcutaneously (subcutaneous adipose 
tissue [SAT]), and within the peritoneum and around the abdominal 
organs (visceral adipose tissue [VAT]). The structural and metabolic 
properties of SAT and VAT differ, meaning that their relative 
distributions within an individual have implications for the development 
of disease. [41] 

SAT consists of fat cells localized under the skin and has a heterogeneous 
histological profile. Large, mature unilocular adipocytes are mixed with 
smaller, multilocular adipocytes. [42] Blood vessels are scarce, and 
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arterial blood is drained to the systemic veins. Estrogen receptors are 
more common in SAT than in VAT, and once activated they convey 
growth signals to subcutaneous fat mass. [43] SAT is also more sensitive 
to insulin, the effect of which is to move glucose and fat from the 
bloodstream into fat cells for storage. For this reason, SAT can act as a 
buffer for high levels of circulating FFAs and blood glucose. Fewer 
immune cells reside in SAT than in VAT, resulting in low pro-
inflammatory output. [43, 44]  

VAT is formed around the visceral organs and is a more homogenous 
tissue, the main building blocks of which are large unilocular fat cells. 
The tissue is also vascularized to a greater extent than is SAT, and the 
blood empties directly into the portal vein. [42] Overall, VAT is a more 
metabolically active tissue. It is sensitive to the promotion of lipolysis by 
catecholamine stimulation of adrenergic receptors, and less sensitive to 
the inhibition of lipolysis by stimulation of α2-adrenergic receptors. 
Insulin has a lesser influence on VAT than on SAT. VAT contains a 
greater number of inflammatory cells (Figure 2), which secrete pro-
inflammatory adipokines, including IL-6 and TNF-α, into the 
bloodstream. [43] Thus, VAT is more prone to excrete fat and pro-
inflammatory proteins into the circulation, and less prone to harbor 
glucose and fat. Moreover, the portal theory states that because the liver 
lies directly downstream from these adipocytes, it is directly exposed and 
vulnerable to all FFAs and pro-inflammatory adipokines excreted by 
VAT. [45]  

Whether an individual gains fat mass subcutaneously or viscerally, and 
whether the adipocytes multiply or expand in size, depend on many 
factors. Fat tissue placement is largely determined by genetic factors, 
hormonal factors and sex, [41, 46, 47] whereas adipocyte cell response is 
guided by visceral fat mass, genetics, neural factors and the action of 
hormones. [48, 49]   
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Figure 2. Histological samples from human SAT (A) and VAT (B) with CD68 
immunoreactivity: arrows indicate presence of macrophages. Image source: Svensson et al., 
2014, BMC Endocr Disord. [50] 

Consequences of dysfunctional fat cells 

The danger of obesity lies within the fat tissue itself, and its dysfunction. 
Constant energy surplus exerts a strain on adipocytes, which become 
plethoric and dysfunctional. With increasing fat mass, leptin secretion 
increases to reach metabolic equilibrium. Although this mechanism is 
effective in healthy individuals, obese individuals develop leptin 
resistance, thereby losing some control over fatty acid homeostasis, and 
also losing an important counterbalance to weight gain. [51, 52] 
Conversely, the secretion of adiponectin decreases with increasing fat 
mass, leading to decreased insulin sensitivity and, by extension, to 
elevated levels of blood glucose and lipids. [53] The engorged adipocytes 
typically seen in obese individuals also recruit and activate pro-
inflammatory macrophages, which begin to produce inflammatory 
adipokines, including IL-6 and TNF-α. [54] This process reshapes 
adipose tissue into a state of chronic low-grade inflammation with 
excretion of pro-inflammatory adipokines, which seeps into the systemic 
circulation. The deleterious products of adipocytes, including FFAs, IL-6 
and TNF-α, spread throughout the body and cause harm to blood vessels, 
skeletal muscle and the pancreas. These effects are amplified in the portal 
circulation, where highly active adipocytes secrete adipokines and FFAs, 
all of which pass through the liver, where they promote further 
inflammation, hyperglycemia, decreased insulin clearance and 
hyperlipidemia. [55-58] 
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In summary, adiposity in general, and visceral adiposity with engorged 
cells in particular, creates a state of chronic inflammation, high 
circulatory levels of glucose and lipids, and widespread insulin resistance. 
With targeting of the liver through the portal vein, this state is 
exacerbated further. At the same time, the mechanisms by which energy 
and fatty acid homeostasis are maintained – namely, leptin and 
adiponectin – are offset, perpetuating this malicious condition. So, what 
actually makes this state so hazardous? 

Firstly, because the body becomes unable to transport fats from the 
circulation to adipocytes, this fat is stored elsewhere, primarily in the 
liver, pancreas and skeletal muscle, but also within the thoracic cavity 
and in the heart. [59] In these organs, the fat deposits exert local 
lipotoxicity, especially by the destabilizing and signaling actions of FFAs, 
causing further damage that eventually leads to nonalcoholic 
steatohepatitis, atrial fibrillation and heart failure. [60-62] Perhaps most 
importantly, this lipotoxicity disturbs insulin signaling and causes insulin 
resistance in the liver and skeletal muscle [62, 63] Combined with 
parallel lipotoxic damage to the insulin-secreting β cells of the pancreas, 
these changes precipitate the development of type II diabetes. [64] Type 
II diabetes and its complications are discussed in detail in the next 
chapter.  

Secondly, the pro-inflammatory agents from fat cells, hyperglycemia and 
hypertension (partially mediated by angiotensinogen) act in concert with 
blood lipids, mainly lipoproteins, to form fat deposits within the walls of 
blood vessels. Cell death and calcification eventually transform these soft 
deposits into calcified plaques. [65] This process of atherosclerosis is the 
main culprit in CVD. It is complex, involving multiple steps and 
pathways, and merits discussion in a separate chapter.  

To recapitulate, the harmful effects of obesity are largely mediated by the 
dysregulation of adipokine release and impaired metabolic function, 
especially from adipocytes of abnormal size located around the visceral 
organs. These cells release pro-inflammatory proteins and FFAs into the 
circulation. The subsequent pro-inflammatory and hyperlipidemic state 
damages the liver, skeletal muscle, heart and blood vessels, resulting in 
sustained hyperlipidemia, hypertension, insulin resistance and, 
ultimately, type II diabetes and atherosclerosis.  
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DIABETES 

Overview 

Type II diabetes mellitus (T2DM), or adult-onset diabetes, is discussed in 
this chapter. Other forms of diabetes, namely type I diabetes, mature-
onset diabetes of the young and gestational diabetes, exist, but they are 
beyond the scope of this thesis. All result in hyperglycemia and its 
associated effects, which are discussed below.  

 

Definition and diagnostic criteria  

Insulin is a hormone released from the pancreas in response to high 
blood glucose. Its primary effect is to stimulate glucose transporters, 
which move glucose from the bloodstream into various tissues. As 
discussed in the Obesity chapter, insulin also affects fat metabolism and 
induces the absorption of fat from the bloodstream for storage in adipose 
tissue. [66] In all forms of diabetes, the insulin system is malfunctioning, 
causing impaired glucose and fat uptake, and consequent elevation of 
blood glucose and blood lipid levels. Unlike type I diabetes, in which β-
cell destruction renders the pancreas unable to produce insulin, type II 
diabetes is defined by the lack of response to insulin release, i.e., insulin 
resistance, and relative inability of the pancreas to secrete insulin. [67, 
68]  

The diagnosis of diabetes, irrespective of type, is based on blood tests 
showing elevated blood glucose levels. Three tests are used for the 
diagnosis of type II diabetes: (1) fasting plasma glucose measurement; (2) 
the oral glucose tolerance test, in which the patient is administered a 
glucose solution and the blood glucose level is subsequently measured; 
and (3) measurement of the glycosylated hemoglobin level, which reflects 
blood glucose levels during the last 2 to 3 months. [69]  
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Epidemiology 

The prevalence of diabetes is rising; in the last 30 years, the number of 
people affected has more than doubled, reaching 285 million affected 
adults in 2010. [70, 71] Type II diabetes mellitus comprises the vast 
majority (90%) of these cases, and affects 6% of the global population. 
[72, 73] As with obesity, rising living standards and increased 
urbanization in developing countries have caused a shift in the 
distribution of T2DM, with the majority of new cases now occurring in 
Asia. [74]  

 

Risk factors for type II diabetes 

Behavioral risk factors 

Behavioral risk factors are perhaps the largest driving force behind the 
dramatic increase in new cases of T2DM. Among these risk factors, 
obesity is central; the mechanisms by which it contributes to the 
development of diabetes are outlined in the previous chapter. The risk of 
T2DM increases with general obesity, but is more pronounced with 
visceral obesity. [75-77] An unhealthy dietary pattern contributes to 
obesity and is also an independent risk factor for T2DM. [78] Saturated 
fats, trans-fats and diets with high-glycemic indexes are associated with 
an increased risk of T2DM. [79] Physical inactivity is a significant risk 
factor and physical activity, even low-intensity activity, protects against 
T2DM. [80, 81] Although a portion of this benefit is attributable to weight 
loss, some studies have shown that physical activity reduces the risk of 
T2DM independently of obesity. [80, 82, 83] High aerobic fitness appears 
to protect against diabetes, perhaps even more so than does physical 
activity. [84, 85] Smoking and alcohol consumption are strong risk 
factors for diabetes; smoking increases the risk of T2DM by 44%, and the 
association between alcohol and diabetes appears to be U-shaped, 
favoring moderate consumption. [86, 87] 

Genetic risk factors 

Obesity does not equate to T2DM, and the majority of obese individuals 
do not develop diabetes. [88] This begs the question of whether other, 
subtle and innate, factors, such as genetic heritage, affect this association. 
Several factors that are closely tied to the etiology of diabetes have strong 
hereditary components. For example, unfavorable fat tissue allocation, 
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which is largely governed by genetics, amplifies the effects of obesity and 
increases the risk of diabetes. [41, 46] Similarly, propensities for alcohol 
consumption and smoking appear to be under strong genetic influence. 
[89] With recent advancements in technology, the search for diabetes-
specific genes and loci has accelerated. Multiple loci have been found, but 
their respective associations with T2DM are weak and fail to explain the 
strong concordance observed in early twin studies. [90-93] Epigenetics is 
a new field of research that has added yet another dimension to the 
understanding of the cause of diabetes, by exploring the interplay 
between environment and genetic expression. [94] The etiology of type II 
diabetes is indeed complex, with endless intertwining of external and 
internal circumstances, making the identification of specific genes and 
genetic causality a difficult proposition.  

Risk due to chemical exposure 

Exposure to agents that disrupt endocrine function can theoretically 
contribute to diabetes. Bisphenol A (BPA) is an industrial compound 
found in numerous items, from clothes to dental products. BPA has been 
found experimentally to disrupt β-cell function and induce decreased 
insulin sensitivity. [95, 96] Epidemiological studies have corroborated the 
connection between BPA and T2DM, although whether a linear dose-
response relationship is at play remains unclear. [97, 98] 

 

Pathophysiology of diabetes 

Type II diabetes is a condition of peripheral insulin resistance and 
pancreatic β-cell dysfunction. Disease progression is gradual and spans 
years; symptoms are often not present, although diagnostic criteria are 
met. [99] On average, those affected remain undiagnosed for 4–7 years. 
[100]  

Due to the multifactorial nature of type II diabetes, the precise etiology of 
insulin resistance and β-cell damage remains unknown. Systemic 
inflammation, lipotoxicity, poor diet, smoking, alcohol consumption, 
sedentary lifestyle and genetic predisposition all seem to contribute. New 
research has also highlighted the involvement of gut flora and the 
nervous system. [101-103] 

When the body is unable to relay the effects of insulin or produces 
insufficient amounts of insulin, the blood glucose level becomes 
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chronically elevated. Hyperglycemia leads to oxidative stress on affected 
cells. [104] Moreover, it activates several signal transduction pathways, 
including the polyol pathway, mitogen-activated protein kinases and 
protein kinase C. [105-107] High levels of glucose also lead to abnormal 
glycation of end products, such as proteins, nucleic acids and fats, 
altering their functional characteristics. [108] Advanced glycation end 
products (AGEs) are proteins whose normal coating of carbohydrates has 
been disrupted by hyperglycemic-induced glycation. [109] AGEs disrupt 
intracellular signaling and metabolism, and promote inflammation via 
AGE receptors. [110, 111] The end results of these combined effects are 
cell damage and death. Endothelial cells of the vasculature, mesangial 
cells of the kidneys, and neurons and Schwann cells of the nervous 
system are particularly susceptible to hyperglycemia. [112] Damage to 
these cells leads to the principal complications of diabetes: macrovascular 
disease (atherosclerosis) and microvascular disease (neuropathy, 
nephropathy and retinopathy). 

Atherosclerosis is discussed in detail in the following chapter. The 
process is accelerated by hyperglycemia, which causes endothelial 
dysfunction and promotes inflammation by the mechanisms outlined 
above. [113, 114] Dysfunctional endothelial cells recruit immune cells and 
macrophages to the intima of the blood vessel wall. The presence of pro-
inflammatory immune cells, such as T-lymphocytes and macrophages, 
together with oxidized cholesterol, enables atherosclerosis. [115, 116]  

Retinopathy denotes the process of microvascular damage occurring in 
the delicate blood vessels of the retina, and the destruction of the 
neuroretina, consisting of the rods, cones and neurons, which provide 
vision. The underlying mechanism of this microvascular disease appears 
to be similar to that of diabetic macrovascular disease, although growth 
factors such as vascular endothelial growth factor (VEGF) and insulin-
like growth factor 1 (IGF-1) also seem to be implicated. [117] Damage to 
the retinal blood vessels caused small bleeds, microinfarctions and 
angiogenesis, eventually leading to visual impairment and blindness 
(Figure 3). [118, 119] 

Similar mechanisms of vascular and neuronal damage also result in the 
peripheral neuropathy associated with diabetes. [120] Like the retinal 
vessels, small blood vessels supplying the nerves – the vasa nervorum – 
are subject to the harmful effects of hyperglycemia. [121] Neurons and 
Schwann cells are damaged by the insufficient blood supply of the 
deteriorated vasa nervorum, and directly damaged by hyperglycemia, for 
example by oxidative stress. [122] Diabetic neuropathy can affect sensory, 



 

 14 

motor and autonomic neurons, causing severe pain, muscle wasting and 
autonomic dysfunction. [123]  

Hyperglycemia also damages the microvasculature of the kidneys, 
causing diabetic nephropathy. [124] The changes associated with 
hyperglycemia include thickening of glomerular and tubular basement 
membranes, hyperplasia, vascular hyalinization and expansion of the 
mesangial matrix. [125, 126] The effects of these changes include leakage 
of albumin into the urine and a reduced glomerular filtration rate. [127] 
The progression and end stage of diabetic nephropathy are characterized 
by renal failure and the requirement for dialysis. [128] 

In summary, T2DM is a multifactorial disease with severe complications. 
Chronic hyperglycemia exacerbates the effects of obesity and can lead to 
atherosclerosis, blindness, neuropathy and renal failure.   

 

 

Figure 3. A retinal photograph of a patient with diabetic retinopathy: microinfarctions 
(yellow dots), small bleedings (small, red dots) and angiogenesis can bee seen. Image 
source: Diabetic eye disease, 2012, National Eye Institute.  
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ATHEROSCLEROSIS 

Introduction 

Atherosclerosis begins when fat deposits arise in the large blood vessels 
of the body. These deposits grow and are gradually transformed into 
calcified plaques. Frequently affected anatomical sites include the aorta 
and its branches, the coronary arteries and the carotids. Peripheral 
vessels, such as the femoral arteries, can also be affected. As an 
atherosclerotic plaque grows, the lumen of the affected blood vessel 
narrows. Significant local narrowing, or stenosis, obstructs blood flow 
and causes downstream ischemia. When the interior of a plaque is 
exposed to the circulation, the coagulation cascade is triggered and 
thrombosis develops. The thrombus can remain in the vicinity of the 
atherosclerotic plaque, or detach and travel further downstream in the 
circulation, forming an embolus. When an embolus reaches a passage 
that is sufficiently small, it will become stuck, stopping all downstream 
blood flow and causing local ischemia, tissue damage and, eventually, 
cellular death. Ischemia following stenosis or thrombosis marks the 
endpoint of atherosclerosis, but is often the debut symptom. Depending 
on the location and degree of occlusion, the consequences vary – given 
that the heart and brain are often affected, atherosclerosis poses a 
substantial threat to health.  

The extent of atherosclerosis varies among individuals, and the etiology is 
multifactorial. In this chapter, the pathophysiology of atherosclerosis and 
specific risk factors are discussed.  

To understand atherosclerosis, it is important to understand fat and 
cholesterol metabolism, which are discussed below. The specific 
endpoints of atherosclerosis relevant to this thesis, i.e., MI and ischemic 
stroke, are also discussed below.  

Fat metabolism 

Fat is one of the three basic nutrients, carbohydrates and proteins being 
the other two. Fat is a major structural component of all cell membranes 
and is used as a substrate for local cell signaling, hormone production 
and, of course, energy storage. Cholesterol is a specific form of lipid that 
is naturally produced by and occurs in all animal cells. Cholesterol 
provides cell membranes with structural support, and it is a precursor of 
several hormones, vitamins and bile acids. [129] Phospholipids are the 
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main constituents of cell membranes, whereas triacylglycerols serve in 
energy storage. [130, 131]  

Digestion of fats begins in the oral cavity by the release of lingual lipases. 
As the fats pass through the esophagus and stomach, muscular peristalsis 
and gastric acids help to dissolve them into smaller droplets. This 
emulsification continues in the duodenum and, later, in the small 
intestine, where pancreatic juices containing more lipases, bile acids and 
co-lipases mix with the food. Lipases break triacylglycerols into smaller 
fatty acids, and bile salts finalize the emulsification by dissolving the 
already small droplets of fat into even smaller micelles. [132, 133] 
Micelles consisting of FFAs are then transported from the small intestine 
into enterocytes by means of passive diffusion, whereas cholesterol is 
transported through an active process. [134] The enterocytes then convert 
the fatty acids to triacylglycerols and assemble larger particles of fats, 
called chylomicrons. Chylomicrons are the largest class of lipoproteins.   

Chylomicrons consist of an outer layer of apolipoproteins, phospholipids 
and cholesterol, and a core of TGs and cholesterol. They also contain fat-
soluble vitamins. [135] Enterocytes secrete chylomicrons into the 
intestinal lymphatic system. The chylomicrons reach the systemic 
circulation through the thoracic duct, which empties into the left 
subclavian vein. From there, the chylomicrons are available to the rest of 
the body. Various tissues, but primarily adipose tissue and skeletal 
muscle, begin to absorb fats from chylomicrons by expressing the surface 
enzyme lipoprotein lipase (LPL). LPL attaches to chylomicrons and, by 
hydrolyzation of TGs, begins to drain their (chylomicron) lipid content. 
[136] When a chylomicron has been emptied of its lipid load, the outer 
shell of phospholipids, cholesterols and apolipoproteins remains. These 
particles, called chylomicron remnants, are removed from the circulation 
by the liver. [137] 

The liver serves several important functions with regard to lipid 
metabolism. Firstly, it clears the circulation of chylomicron remnants. 
Secondly, it acts as an intermediary in fat metabolism. When induced by 
hormones such as growth hormone, epinephrine and testosterone, 
adipose tissue begins to break down stored triacylglycerols and secrete 
them as FFAs into the bloodstream. [138] The liver absorbs these FFAs 
and synthesizes new lipoprotein particles called very-low-density 
lipoproteins (VLDLs). VLDLs consist mainly of triglycerols and 
apolipoprotein B (apoB). [139] They are secreted into the circulation and, 
like chylomicrons, come into contact with LPLs and are emptied of their 
fat content. [140]  
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When a VLDL particle becomes smaller due to reduced triacylglycerol 
content, it falls into a new category of lipoprotein – low-density 
lipoprotein (LDL). LDLs are rich in proteins and cholesterol, and poor in 
triacylglycerols. Because they have high cholesterol content, they act as 
cholesterol suppliers and play a crucial role in cholesterol homeostasis. 
[141] When a particular cell requires cholesterol, it expresses an LDL 
receptor. When an LDL particle makes contact with an LDL receptor, that 
cell engulfs the LDL particle and uses the cholesterol therein for its own 
purposes. [142] As for chylomicron remnants, the liver absorbs the 
majority of circulating LDL particles. [143] With regard to 
atherosclerosis, LDL is the most noteworthy of all lipoproteins.  

Dyslipidemia in obesity 

Obesity is characterized by a state of hyperlipidemia. Firstly, fat tissue in 
obese individuals becomes insensitive to several hormonal signals, 
leading to decreased fat storage and increased output of FFAs. Secondly, 
the expression of the LPL receptor is down-regulated in obese 
individuals, further decreasing absorption of chylomicrons and VLDL 
from the bloodstream. [144] Thirdly, the LDL receptor, responsible for 
clearing the blood of LDL particles, is also down-regulated in obese 
individuals. [145] Lastly, obesity is associated with high TG levels, which 
in turn appear to elevate the levels of small, dense LDL particles. This 
small variant of LDL is more prone to enter blood vessel walls, making it 
more atherogenic than larger LDL particles. [146] The end result is a state 
of chronically elevated levels of FFAs, triacylglycerols, chylomicron and 
its remnants, VLDL and LDL. Circulating chylomicron remnants, VLDL 
and LDL in general, and small, dense LDL in particular, contribute to 
atherosclerosis. [147] 

 

The development of an atherosclerotic plaque 

Atherosclerosis is a gradual process spanning decades. It begins early in 
life and is generally asymptomatic until a cardiovascular event, such as 
MI or ischemic stroke, occurs. [148, 149] Atherogenesis refers to the 
atherosclerotic process. An overview of the changes caused by 
atherogenesis can been seen in Figure 4. 
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Figure 4. An overview of how atherogenesis transforms the arterial wall. Image source: 
Subbotin VM, 2012, Theor Biol Med Mode. [150] 

All blood vessels are coated with an outer layer of endothelial cells facing 
the vessel lumen that acts as a barrier between the blood and the inner 
layers of the vessel wall. Endothelial cells are highly active; they are 
involved in inflammation, tissue repair and coagulation of blood. [151] A 
key mechanism in the initiation of atherosclerosis is the dysfunction of 
these endothelial cells. Various insults to endothelial cells cause them to 
become dysfunctional; these include hypertension, hyperglycemia, 
hyperlipidemia and the activities of pro-inflammatory cytokines. [152] A 
dysfunctional endothelial cell suffers from an imbalance of nitric oxide; it 
cannot respond to changes in blood pressure and is stuck in a persistent 
state of activation. [153]  

Dysfunctional endothelial cells fail to perform their barrier duties, 
creating “cracks” in the vessel wall. LDLs, together with other apoB-
containing lipoproteins, leak through these cracks and collect inside the 
intima layer of the blood vessel wall. [154, 155] In the intima, the apoB of 
LDL and other lipoproteins interacts with local matrix proteoglycans, in 
effect trapping them. [156] Moreover, the natural orientation of 
endothelial cells in vessel sections with branching and curvature leads to 
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greater permeability. Consequently, these sites are most commonly 
affected by atherosclerosis. [157] Trapped inside the intima, the LDL 
particles undergo several changes, most significantly oxidation, creating 
oxidized LDL. [158] By virtue of its highly reactive and interactive nature, 
oxidized LDL is a critical driving force behind atherogenesis. The oxidized 
LDL particles aggravate endothelial dysfunction, activate macrophages 
and induce a local pro-inflammatory response. [159-161] Systemic 
stressors and local injury from oxidized LDL particles thus lead to 
endothelial cell malfunction. These endothelial cells express adhesion 
molecules for monocytes and T-lymphocytes, which attach to the 
endothelial cells and extravasate into the intima. [162] Incidentally, 
vessel sections with high endothelial permeability are also subject to 
more hemodynamic strain, which in turn increases the expression of the 
aforementioned adhesion molecules. [163]  

Endothelial cells secrete colony-stimulating factor, which converts 
monocytes to macrophages. [164] The macrophages and T-lymphocytes 
are activated when they come into contact with oxidized LDL particles. 
Binding of the scavenger and toll-like receptor families on macrophages, 
and the major histocompatibility complex of T-lymphocytes, mediate 
LDL activation of immune cells. [165-168] When macrophages and T-
lymphocytes are activated, they propagate the pro-inflammatory milieu of 
the intima by secreting even more pro-inflammatory cytokines. The new 
cytokines activate additional macrophages and induce cytokine 
production. [169, 170] The activated macrophages begin to engulf 
available LDL and other lipoproteins. Unfortunately, they bite off more 
than they can chew, leading to unhindered macrophage swelling and 
subsequent transformation to foam cells. [171] This intimal entity of foam 
cells is named a fatty streak. Fatty streaks precede the development of 
atherosclerotic plaques, but not all fatty streaks lead to plaque formation.  

The local population of immune cells and activated endothelial cells 
releases growth factors in addition to pro-inflammatory cytokines. These 
growth factors induce the migration of vascular smooth-muscle cells to 
the intima. In the intima, these smooth muscle cells replicate and begin 
to generate extracellular matrix proteins, creating a cap surrounding the 
foam cells. [172, 173] This hardened cap distinguishes an atherosclerotic 
plaque from a simple fatty streak. Eventually, the accumulated foam cells 
begin to die, by necrosis or apoptosis, and their fat content leaks into the 
surrounding area. This leakage produces extracellular droplets of fat. 
[174] Together, the dead cells and lipid droplets form a necrotic core. The 
dying foam cells leak calcium, which begins to amass in the extracellular 
matrix. The calcification of extracellular matrix proteins hardens the 
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plaque and cements its structure. [175] Macroscopically, this process 
makes the artery hard and inflexible; in advanced stages, it is almost 
eggshell-like. An overview of the mechanism of atherosclerosis is 
presented in Figure 5. 

 

 

Figure 5. The illustration depicts the cellular mechanisms in atherogenesis, beginning with 
LDL deposition in the intima and ending in a finalized atherosclerotic plaque with fibrous 
cap. Image source: Wierda et al., 2012, J Cell Mol Med. [176]  

 

Risk factors for atherosclerosis 

As one might conclude from the above section, atherogenesis is a 
multifactorial and dynamic process. Numerous external and internal 
factors have been tied to this process, and those carrying most 
significance are discussed below.  

Internal risk factors 

Hypertension 

High blood pressure is a strong risk factor for atherosclerosis, 
independently of other established risk factors. [177] The connection 
between hypertension and atherogenesis has been established 
experimentally. [178] Systolic and diastolic blood pressures are both 
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independently associated with atherosclerosis and CVD. [179] As 
discussed previously, high blood pressure exerts a mechanical strain on 
endothelial cells. This strain is pronounced in areas of arterial curvature 
and bifurcation because of local fluid dynamics. [180] Although the 
causal relationship is not fully understood, is it now clear that the 
mechanical stress imposed by hypertension contributes to endothelial 
dysfunction. Oxidative stress appears to mediate this association. [181]  

In an ideal world, a simple cut-off point would enable discrimination of 
harmless levels of blood pressure from those that cause harm. Alas, the 
relationship between blood pressure and atherogenesis seems to be 
linear. [182] Nevertheless, the WHO has defined hypertension as systolic 
blood pressure ≥ 140 mmHg and diastolic blood pressure ≥ 90 mmHg. 
[183] 

Dyslipidemia 

High levels of circulating LDL particles are associated with 
atherosclerosis and CVD. [184] The understanding of atherogenesis has 
progressed significantly; we now know that simple measurement of 
serum levels of LDL particles provides only a crude estimate of 
atherosclerotic risk. To elaborate, hyperlipidemia does not accurately 
portray risk; instead, the term dyslipidemia has been introduced to better 
reflect the imbalance of different types of lipoprotein and blood lipid. 
[185] LDL is the most atherogenic of all standard lipoproteins, but it can 
vary in size and density. Small dense LDL particles are the most 
atherogenic type of LDL, and an increased share of small dense LDLs is a 
common finding in individuals with CVD. [146, 186]  

Another important lipoprotein to consider is high-density lipoprotein 
(HDL). HDL functions as a reverse cholesterol transporter that collects 
cholesterol in the peripheral tissues and delivers it to the liver, 
reproductive organs and adrenal glands. HDL cholesterol also possesses 
the ability to absorb cholesterol from macrophages. [187] These functions 
lend HDL its strong anti-atherogenic properties, which are well 
documented. [187] In epidemiological studies, these experimental 
findings have been reflected in an inverse relationship between HDL level 
and cardiovascular risk. [188]  

Hypertriglyceridemia, or a high level of triacylglycerols, is a third aspect 
of dyslipidemia. Hypertriglyceridemia alone is an independent risk factor 
for atherosclerosis, but it is also of interest due to its impact on the 
overall lipid profile. For example, hypertriglyceridemia leads to an 
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increase in the level of small dense LDLs and reduces the level of HDL. 
[146, 189, 190] For the above-stated reasons, the term lipid triad is now 
used to describe atherogenic dyslipidemia characterized by an elevated 
level of small dense LDL, reduced level of HDL and hypertriglyceridemia. 
[146] 

The main drawback of LDL measurement is that it cannot determine the 
number of circulating lipoproteins. This number has been speculated to 
be more important for the development of atherosclerosis than is the 
cholesterol content of lipoproteins. All types of lipoprotein contain one 
apoB molecule; thus, the measurement of apoB provides a better estimate 
of the number of circulating particles and, thereby, of atherosclerotic risk. 
This hypothesis has been confirmed in several studies, and it is now 
recommended that evaluation of atherosclerotic risk includes 
consideration of apoB levels. [191] 

Hyperglycemia and diabetes 

Hyperglycemia is a well-known risk factor for atherosclerosis, and the 
manifestation of microvascular complications of diabetes amplifies this 
risk. [192-194] Because T2DM is closely tied to obesity, it affects 
cardiovascular risk through several avenues. The classical risk factors for 
atherosclerosis, such as excess fat mass, dyslipidemia and hypertension, 
are over-represented in diabetic patients. [195-197] Hyperglycemia alone 
is a risk factor for CVD. [198] Type II diabetes increases the risks of MI, 
stroke and peripheral artery disease. [198] 

Metabolic syndrome 

Obesity shares common pathophysiological ground with type II diabetes, 
hypertension and dyslipidemia, and these four conditions often co-exist 
in affected individuals. To describe this phenomenon, the term metabolic 
syndrome was coined. [199] The International Diabetes Federation 
defines metabolic syndrome as WC ≥ 94 cm for men and ≥ 80 cm for 
women, coupled with at least two of the following four factors: (1) 
elevated TG level or treatment thereof, (2) reduced HDL level or 
treatment thereof, (3) blood pressure ≥ 130/85 mmHg or hypertensive 
treatment and (4) elevated plasma glucose level or T2DM diagnosis. 
[200] This definition is, unfortunately, only one of several attempts to 
define metabolic syndrome; the WHO, the European Group for the Study 
of Insulin Resistance and others have released similar, yet varying, 
definitions. [16, 201]  
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Behavioral risk factors  

Physical inactivity and low aerobic fitness 

A sedentary lifestyle is a strong risk factor for atherosclerotic disease. 
[202, 203] Conversely, increasing physical activity reduces this risk. The 
protective effect of exercise is partially mediated through the alteration of 
established risk factors, such as hypertension, inflammatory and 
hemostatic factors, hyperlipidemia and obesity. [204, 205] However, 
conventional risk factors fail to completely explain the risk reduction 
associated with increased physical activity, suggesting the involvement of 
other, perhaps directly vascular, mechanisms of action. It is not yet fully 
clear which mechanisms are involved, although improved endothelial 
function, release of endothelial progenitor cells, suppression of platelet 
aggregation and regulation of vascular smooth-muscle cells have been 
suggested. [206-209] Low aerobic fitness is another risk factor for 
atherosclerosis. [210, 211] It predicts the risk of cardiorespiratory 
mortality better than and independently of physical activity. [212] The 
association between aerobic fitness and disease is discussed in detail the 
following chapter.  

Smoking 

Smoking is a well-known risk factor for atherosclerosis and is one of the 
major contributors to cardiovascular death. Pathways explaining this 
association include the elevation of blood pressure through the nicotine-
stimulated release of catecholamines, disruption of lipoprotein levels, 
insulin resistance and up-regulation of thrombogenesis. Moreover, agents 
released by smoking induce vascular growth, angiogenesis and 
endothelial dysfunction. [213] Damage is also caused by the abundance of 
oxidizing chemicals delivered to the circulation by the inhalation of 
burning tobacco. [214] 

Genetic components 

Despite having or being exposed to major atherosclerotic risk factors, 
some individuals do not develop CVD, whereas other, seemingly healthy, 
individuals suffer deadly atherosclerotic complications relatively early in 
life. This disparity can be accredited partly to genetic predisposition. 
Twin studies have demonstrated that at least 30%, but up to 60%, of the 
variance in atherosclerosis is attributable to heritage. [215, 216] Before 
the arrival of refined genome-wide association studies (GWASs), searches 
for candidate genes were imprecise and ultimately unfruitful. [217] In this 
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new paradigm of genetic research, GWASs have helped to elucidate the 
genetic mechanisms underlying atherosclerosis. Genes controlling the 
LDL receptor, VLDL production and immune signaling have now been 
confirmed as perpetrators in atherosclerosis. [217-219] Other genetic loci 
have been linked to atherosclerosis, but they do not influence known risk 
factors or have downstream effects that have not been previously 
connected to atherogenesis. [217] Epigenetic changes are also involved in 
the pathology of atherosclerosis, although their specific role is yet to be 
determined. [220]  

 

Cardiovascular disease  

CVD is the unfortunate endpoint of atherosclerosis. Atherosclerosis 
manifests when an artery is partially or totally occluded and the 
downstream tissue loses its supply of blood. Mechanical obstruction 
caused by plaque growing into the lumen of a vessel, as seen in stable 
angina pectoris and claudication intermittens, is generally slow and 
associated with low acute mortality. [221] Atherosclerosis becomes 
dangerous when plaque-associated thrombosis occurs. The two most 
frequent reasons for such thrombosis are plaque rupture and the erosion 
of endothelial cells covering the plaque. [222] Thrombosis develops 
rapidly and causes acute ischemia, which, depending on location, can be 
fatal. 

When a plaque ruptures or the protective layer of endothelial cells is 
eroded, the core of dense extracellular matrix proteins, tissue factor and 
lipid droplets is exposed to the circulation. The exposed components are 
strong triggers of coagulation, and a coagulation cascade is initiated when 
platelets in the blood come into contact with any of them. [223, 224] 
When this cascade is started, platelets are activated and stick to one 
another, and additional platelets arrive at the scene and adhere to the 
growing clot. The ongoing cascade also begins to convert circulating 
fibrinogen molecules to adhesive fibrin strands, which form a sticky web 
to which additional platelets and erythrocytes adhere. [225-227] As the 
clot continues to grow, it may begin to obstruct blood flow and cause local 
ischemia, or detach and travel further downstream, causing ischemia 
elsewhere.  

Not all plaques rupture, and the relationship between plaque size and 
tendency to rupture is not linear. [227] This begs the question of which 
plaques do rupture. The structural integrity, rather than the size, of a 
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plaque seems to determine its vulnerability and thus its tendency to 
rupture. Extracellular matrix proteins, such as collagen and smooth 
muscle cells, underpin the plaque structure. In a high-risk, so-called 
culprit plaque, the necrotic core is large, and smooth muscle cells and 
collagen scaffolds are scarce. Furthermore, the lipid core is distributed 
eccentrically, which displaces mechanical stress such that it destabilizes 
the plaque. [227, 228] The loss of extracellular matrix is driven by the 
loss of smooth muscle cells and simultaneous protein degradation by 
macrophages. Macrophages also degrade the fibrous cap, removing yet 
another stabilizing component of the plaque. [229, 230] 
Neovascularization of the plaque by small, fragile blood vessels 
undermines its structure and can result in intra-plaque hemorrhage. 
[231] Finally, a low degree of calcification and spotty calcification also 
predispose a plaque to rupture. [232, 233] 

Myocardial infarction 

A typical MI is caused by the rupture of an atherosclerotic plaque in one 
of the blood vessels (coronary arteries) supplying the heart muscle, the 
myocardium. Affected areas are deprived of their oxygen supply and 
become ischemic – they are then unable to perform their normal 
functions and are eventually damaged beyond repair (Figure 6). In the 
short term, ischemia of the myocardium can cause arrhythmia and 
cardiac arrest; in the long term, it can cause heart failure. MI is the 
leading cause of death in Sweden. The rate of acute mortality from MI in 
Sweden is 7.6%, but the long-term mortality rate is higher. The yearly 
total mortality rates for ischemic heart diseases are 52 per 100,000 in 
women and 121 per 100,000 in men. [234, 235] Given a population of 
approximately 9,500,000, these rates translate into roughly 8000 deaths 
per year. All CVDs combined are associated with an annual cost of more 
than 60 billion SEK in Sweden. 

The diagnosis of MI, according to the WHO, is based on three criteria: 
typical patient history (chest pain for more than 20 minutes), dynamic 
levels of cardiac troponins and pathological electrocardiography (ECG) 
findings. When all three criteria are fulfilled, the diagnosis of MI is 
definite; when two criteria are fulfilled, the event is considered to be a 
probable MI. [236] 
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Figure 6. The damage dealt to the anterior myocardium after a transmural MI (top part, 
middle to right). The ischemic tissue is dark; its ability to contract may be impaired and it 
can give rise to arrhythmias. Image source: Patrick J. Lynch, medical illustrator; C. Carl 
Jaffe, MD, cardiologist, Yale University Center for Advanced Instructional Media Medical 
Illustrations. 

Cerebrovascular disease 

Stroke is the most serious variant of cerebrovascular disease. Stroke can 
be divided into ischemic stroke and hemorrhagic stroke. An ischemic 
stroke is caused by cerebral obstruction of blood flow by a local thrombus 
or an embolus originating from the carotids or the heart (Figure 7). 
Cerebral bleeding, often caused by the rupture of an aneurysm, causes a 
hemorrhagic stroke. [237] As with MI, stroke leads to oxygen deprivation 
in affected tissues. The constituents of brain tissue, i.e., the neurons and 
their supportive glia cells, have low resilience during ischemia and are 
unable to regenerate after damage. Thus, survivors of stroke commonly 
have long-term loss-of-function symptoms, called sequelae.   

Atherosclerosis accounts for more than half of all ischemic strokes; 
embolism from the heart is the second most common cause. Although the 
mechanisms underlying the different types of stroke are different, they 
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share several risk factors and their pathophysiologies overlap. 
Hypertension, for example, is linked to the development of ischemic and 
hemorrhagic strokes. [238] Furthermore, endothelial dysfunction 
appears to play a critical role in the pathogenesis of cerebral aneurysms 
that cause hemorrhagic stroke. Dysfunctional endothelial cells recruit 
macrophages that inflict endothelial damage and break down the smooth 
muscle cells and extracellular matrix proteins of the cerebral vessels. 
[239, 240] 

 

Figure 7. The cerebral arteries are imaged by a DT-scan with intravenous contrast. The 
blue arrow indicates the point of occlusion of the right middle cerebral artery. In 
comparison with the left side, contrast fluid barley passes through the occlusion on the right 
side. Image source: Ulrich et al., 2015, Case Rep Neurol Med. [241] 

Stroke is the second most common cause of death and the most common 
cause of long-term disability. [1, 242] In Sweden, stroke causes about half 
as many deaths as does ischemic heart disease, but it is associated with a 
higher relative cost. [235, 243] 

Stroke is a bedside diagnosis based on symptomatic criteria, including 
acute onset of neurological loss of function. The cause-specific diagnosis 
of stroke is based on emergency CT of the brain, including CT 
angiography, ECG and, later, transthoracic ultrasound of the heart and 
ultrasound of the carotid vessels.  
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AEROBIC FITNESS 

Introduction 

The ability to perform strenuous activity for extended periods of time has 
long been integral to the human way of life. It enables hunting by sheer 
physical outperformance, traversal of long distances, long days of 
agricultural work and other beneficial, albeit difficult, activities. Not only 
does being fit seem to be useful for survival without technology, but it 
also appears to affect diseases associated with modern living. The 
assessment of one’s aerobic working capacity, or aerobic fitness, is 
therefore used widely in medicine. Aerobic fitness testing has 
applications in cardiology, pulmonology and anesthesiology, among other 
fields. Fitness level is tied to the prognosis of several types of heart and 
lung disease, and sufficient aerobic fitness is a prerequisite for surgical 
procedures with general anesthesia.  

The role of aerobic fitness as a protector against disease has been the 
topic of numerous scientific inquiries. High aerobic fitness has been 
found to protect against CVD, malignancies, diabetes, dementia and 
depression. [85, 244-248] In the present chapter, the definition and 
measurement of aerobic fitness, and the association between fitness and 
disease are discussed. The potential mechanisms underlying the 
protective effects of high aerobic fitness are also explored. Finally, the 
distinction between aerobic fitness and physical activity, along with the 
genetic component of aerobic fitness, are covered.  

 

Definitions of fitness 

Aerobic fitness has many names, including physical fitness, 
cardiorespiratory fitness and cardiorespiratory endurance. All of these 
terms refer to the human body’s capacity to perform a specified whole-
body exercise, such as running or cycling, at high intensity for a sustained 
period of time. From a physiological point of view, the level of fitness is a 
reflection of the cardiorespiratory system’s ability to supply the body with 
oxygen during increased demand and the muscle’s endurance capacity. 
[249]  

Many methods have been developed to assess aerobic fitness level. The 
most commonly used fitness tests are based on an individual’s 
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performance on a treadmill or a braked bicycle (Figure 8), the speed or 
pedaling resistance of which is gradually increased according to a 
predetermined protocol. The speed or resistance is increased until the 
subject can no longer continue due to fatigue, and the final work rate is 
registered as an aerobic fitness value. For bicycle tests, the final work rate 
is registered in watts and the assessments are called watt max (WMAX) 
tests. [250] Bicycle WMAX test results were used as aerobic fitness markers 
in the studies included in the present thesis. In addition to analyzing 
pedaling resistance, the test can incorporate a breathing mask applied to 
the subject that registers the amounts of carbon dioxide and oxygen 
inhaled and exhaled. The respiratory values retrieved from the breathing 
mask are then used to calculate total oxygen consumption. Total oxygen 
consumption during peak effort is expressed as VO2max and is considered 
to be the gold standard of fitness testing. [251] Body weight can strongly 
influence the results of fitness tests, most notably when the testing is 
carried out on a bicycle. High body weight in itself exerts a force on the 
pedals, leading to the overestimation of fitness in overweight individuals. 
Weight-adjusted measurements, namely WMAX/kg and VO2max/kg, thus 
exist. [250, 251] 

Not all circumstances allow for the equipment-heavy testing described 
above, and more accessible but less precise methods of estimating aerobic 
fitness have been introduced. For healthy individuals, a more accessible 
option for the assessment of aerobic fitness consists of timed runs. The 
subject is instructed to run a given distance in the shortest amount of 
time, or to cover the greatest possible distance during a given time 
period. In a third variant, the test subject runs between two points, 
usually 20 m apart, repeatedly with increased pace. [252] For subjects 
with cardiorespiratory disease and those who are physically impaired due 
to other ailments, maximal effort testing may not be appropriate. In such 
cases, submaximal tests can be performed, from which maximal-effort 
fitness levels can be estimated. These assessments include submaximal 
VO2 tests using the heart rate (e.g., Åstrand’s test) and the 400-m walking 
test. [253-255] 
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Figure 8. A picture of a braked ergometer cycle. Image source: www.monarkexercise.se, 
Monark Exercise AB. 

The term fitness can encompass aspects beyond physical performance. 
The terms immunologically fit and metabolically fit have been used to 
describe the functional states of the immune system and energy 
metabolism. These new definitions of fitness have been used in particular 
when describing the roles of the immune system and energy metabolism 
in obesity and metabolic syndrome. [256, 257] Fitness in relation to 
obesity is discussed in detail in the following chapter.  

 
 

Aerobic fitness and physical activity: two sides of the 
same coin? 

A commonly held view is that aerobic fitness is a reflection of physical 
activity and exercise. According to this view, assessment of the aerobic 
fitness level is another way of assessing physical activity, and the fitness 
level thus serves as a good proxy for the amount and level of exercise. 
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This view is backed by the American College of Sports Medicine, among 
other organizations, [258] and it has been employed in systematic 
reviews. [4] A large body of research has also confirmed the existence of 
strong connections between the amount and intensity of exercise and 
long-term physiological adaptations, i.e., increased aerobic fitness. [259-
261]  

However, analyses of large population-based cohorts have not 
corroborated the view that aerobic fitness is an adequate proxy for 
physical activity. Only about 30–50% of aerobic fitness seems to be be 
attributable to physical activity. [262, 263] In an epidemiological setting, 
aerobic fitness appears to better predict the risks of CVD and all-cause 
mortality than does physical activity, and the association is partly 
independent of physical activity. [212] Thus, at least 50% of aerobic 
fitness variance cannot be explained by variation in physical activity. 
Because of this discrepancy between reported physical activity and 
objectively measured aerobic fitness, the two concepts are hereafter be 
treated as separate entities.  

 

The genetic component of fitness 

As discussed in the previous section, physical activity alone fails to 
explain a major part of aerobic fitness. This raises the question of what 
other factors contribute to aerobic fitness. Several studies have focused 
on the role of genetic heritage. For example, twin studies of young adults 
have shown that at least 78% of WMAX is attributable to genetic factors, 
and at least 65% of VO2max is determined by genetic factors. [10, 11] 
Studies comparing VO2max in parents and their offspring have produced 
similar results, indicating a strong genetic component of aerobic fitness. 
Maternal heritage appears to have the strongest influence on aerobic 
fitness. [264, 265] Studies have also demonstrated that individual aerobic 
adaptations to exercise can vary by a factor of several hundred percent. 
Twin studies have confirmed that these differences in response to 
exercise are largely genetic. [266, 267] Furthermore, analyses of RNA 
samples from skeletal muscle have indicated that the expression of 
specific genes can predict ~58% of the response to physical exercise. 
[268] Interestingly, the large variance in response to exercise is not 
confined to aerobic fitness level, but also includes changes in blood 
pressure, blood lipid profile and insulin sensitivity. [269-271]  
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It appears not only that aerobic fitness is under genetic influence, but also 
that participation in physical activity is explained in part by genetics. 
Genetic predisposition may determine at least 15–60% of total physical 
activity. [272] Aerobic fitness is thus under both direct and indirect 
genetic control.  

Significant parts of aerobic fitness, physical activity and adaptation to 
exercise are thus determined by genetic heritage; the question of interest, 
therefore, is which specific genes are relevant. Given that aerobic fitness 
is a reflection of the cardiorespiratory system’s capacity to deliver oxygen 
to tissues and the skeletal muscle’s endurance capabilities, research has 
focused primarily on genes controlling the properties of these systems. 
Many different study approaches have been used, and a host of candidate 
genes have been identified. Alas, as with most genetic traits, the 
connections between specific genes and aerobic performance are very 
complex and involve several loci and interaction between genes.  

Nevertheless, candidates for the control of aerobic fitness level include 
genes with influence over actinin in skeletal muscle, angiotensin-
converting enzyme, the adrenergic receptor system, cyclic adenosine 
monophosphate (cAMP), bradykinin receptors, protein response to 
hypoxia, peroxisome proliferator-activated receptor α (PPARα), VEGF 
and various mitochondrial functions. [272, 273] Although the roles of the 
majority of these genes are yet to be confirmed by replicative studies, 
GWASs have added evidence for the importance of mitochondrial 
function and cAMP metabolism to aerobic fitness. [274, 275] On a 
systemic level, genes controlling IL-6, IL-15 and thyroxine and IGF-1 
metabolic pathways, IGF-2 and glucocorticoid receptors are of 
importance due to their influence on skeletal muscle function and 
adaptation to exercise. [276-281] Key genetic players in the adaptation to 
exercise include the PPARGC1A, VEGF and AMPK genes, and calcium-
mediated epigenetic control of overall muscular genetic expression. [272, 
282, 283] Concerning participation in physical activity, genes pertaining 
to the dopamine and melanin-concentrating hormone pathways, as well 
as brain orexin levels, seem to be involved. [284, 285] 

 

Low aerobic fitness as a risk factor for disease 

Aerobic fitness level has been tied to diseases across the 
pathophysiological spectrum. Below, the links between aerobic fitness 
and the most noteworthy groups of disease are discussed.  
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Atherosclerosis 

A plethora of evidence has established the links between aerobic fitness 
and atherosclerosis and CVD. Low aerobic fitness has been tied to risk 
factors for atherosclerosis and to the incidence of MI, stroke and 
peripheral artery disease. [210, 244, 249, 286-288] Moreover, low 
aerobic fitness increases not only the likelihood of CVD, but also 
subsequent mortality among affected individuals. [289] 

Diabetes 

A strong inverse relationship exists between the level of aerobic fitness 
and the risk of type II diabetes. [84, 85] The degree to which obesity 
affects this association is a matter of debate; some studies have shown 
marked attenuation when adjusting for obesity, whereas others have 
documented no such effect. [290-292] 

Dementia 

Aerobic fitness level is associated with the development of and mortality 
related to dementia. [245, 293] Although no definite explanation for this 
association exists, it has been hypothesized that the effects of aerobic 
fitness on several risk factors for dementia play an important role. These 
risk factors include hypertension, diabetes and loss of brain tissue and 
cognitive function. [294-297]  

Cancer 

Low aerobic fitness is an established risk factor for several types of 
cancer. [246, 298] Strong associations have been observed for tumors of 
the gastrointestinal tract, lungs and breast. [299-301] These associations 
appear to be independent of obesity. [302] As with CVD, low aerobic 
fitness appears to increase the mortality of individuals diagnosed with 
cancer. [300]  

Psychiatric illness 

Low aerobic fitness is associated with an increased risk of depression, and 
unfit individuals with depression have more severe symptoms. [247, 248, 
303] Again, these associations appear to be independent of obesity. [304] 
Similarly, low aerobic fitness is associated with higher trait and state 
anxiety. [305]  
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All-cause mortality 

The increased risk of disease associated with low aerobic fitness 
translates to an increased risk of early death. Low aerobic fitness is an 
established risk factor for all-cause mortality in several age groups and 
both sexes. Aerobic fitness predicts the risk of death in a strong, graded 
fashion, independently of several established cardiovascular and all-cause 
mortality risk factors – in particular, physical activity and obesity. In 
some studies, aerobic fitness has outperformed all classical risk factors, 
including smoking, in the prediction of all-cause mortality. [2, 4, 306-
314] 

 

Protective mechanisms of high aerobic fitness 

When discussing the link between aerobic fitness and disease, it is 
important to recognize the determinants of aerobic fitness. Aerobic 
fitness is a trait influenced largely by genetic heritage, with some 
influence from habitual physical activity and other behavioral factors.  

Irrespective of determinants, low aerobic fitness is closely tied to strong 
risk factors for all-cause mortality. Being unfit is tied to poor functioning 
of the insulin system, dyslipidemia, increased systemic inflammation and 
hypertension, which increases the risks of atherosclerosis and diabetes. 
[210, 290, 315-321] Moreover, aerobic fitness is tied to DNA repair, 
systemic levels of steroid hormones, oxidative stress, cell proliferation 
and apoptosis, which together with systemic inflammation and diabetes 
are linked to the development of various cancers. [302] High aerobic 
fitness is associated with improved mental health through improved 
stress response, elevation of specific neurotransmitters, release of brain-
derived neurotrophic factor, reduced inflammation and neurogenesis in 
the hippocampal area. [315-321] In the long term, low aerobic fitness is 
tied to the age-associated deterioration of brain function, characterized 
by a loss of brain tissue and a decline of cognitive level, which in turn lead 
to dementia. [294-297] The specific genetic mechanisms connecting 
aerobic fitness and disease are covered in the Discussion.  
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FAT BUT FIT 

Aerobic fitness vs. obesity 

Obesity confers increased risks for a host of outcomes, including CVD, 
diabetes, dementia, depression, cancer and all-cause mortality. In 
contrast, high aerobic fitness exerts protective effects against all of these 
conditions. At first glance, it thus appears logical that high aerobic fitness 
could, at least to some degree, counterbalance the dangers of obesity. 
Various research groups have therefore hypothesized that high fitness can 
mitigate the hazard of excess fat mass. Some have even speculated that 
high fitness can fully compensate for obesity. Individuals fitting the “fat 
but fit” phenotype would, according to this hypothesis, be obese, have 
high aerobic fitness, and have similar or even lower risks of CVD and 
death compared with individuals fitting the lean and unfit phenotype.  

Whether high aerobic fitness can in fact compensate for the risk 
associated with obesity has been researched in several populations and is 
currently a matter of debate. [5, 7, 249, 307, 322] High aerobic fitness has 
been found to offer protection against CVD and mortality in all BMI 
groups, independently of conventional CVD risk factors. [307, 308, 323] 
This association does not seem to hinge on the measure of obesity, as it 
holds for WC, visceral fat mass and body fat percentage. [249, 324] 
Several independent studies have also demonstrated that being fat and fit 
is more desirable than being lean and unfit with respect to the risks of 
CVD and all-cause mortality. [4-9] Moreover, some studies have found 
that the obesity paradox appears to be explained by aerobic fitness, with 
the implication that the “fat but fit” sub-population has reduced risks of 
all-cause mortality compared with the total obese population. [3, 325] 
Together, these findings underscore the importance of aerobic fitness – 
rather than obesity – as a risk factor for disease and death.    

Although this model is appealing, other studies have produced results 
that conflict with the “fat but fit” hypothesis. For example, it is unclear 
whether the obesity paradox can be attributed to differences in aerobic 
fitness, and high aerobic fitness failed to completely compensate for the 
effects of obesity in terms of disease and mortality risk in some large 
study populations. In other words, overweight fit individuals were at 
greater risk than unfit lean individuals. [326-328] Studies that have 
provided support for the “fat but fit” hypothesis also have several 
inherent weaknesses, including the examination of self-selected and 
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highly educated study populations. This topic is examined further in the 
Discussion.  

 

Metabolic fitness vs. obesity 

Metabolic fitness in relation to obesity has also been subject to scientific 
investigation. In this context, high fitness refers to a normal blood lipid 
profile, a lack of insulin resistance and type II diabetes, normal blood 
pressure and a low level of systemic inflammation. Although some studies 
have indicated that obese individuals who are metabolically fit have 
similar or lower risks of adverse outcomes as do unfit lean individuals, 
recent meta-analyses have indicated that obese individuals are always at 
greater risk, even if they, putatively, have healthy metabolic profiles. 
[329-331] 
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RATIONALE AND AIM 

Project rationale 

CVD is the leading cause of death and disability. Low aerobic fitness and 
obesity are strong independent risk factors for CVD and early death. The 
effects of aerobic fitness and obesity have been thoroughly researched in 
middle-aged and older populations, but evidence from younger 
individuals is lacking. This knowledge gap exists despite the fact that the 
underlying pathophysiologies of atherosclerosis, dementia, diabetes, 
psychiatric disease and some cancers begin decades before diagnosis. 
Today, interventions for individuals at high risk of non-communicable 
diseases often begin late in life or after diagnosis. In theory, early 
intervention targeting modifiable risk factors – long before disease has 
manifested – could have a greater impact on risk than does late or post 
hoc intervention.  

Obesity clearly increases the risk for several non-communicable diseases, 
and high aerobic fitness exerts a protective effect for all levels of obesity. 
Evidence regarding whether high aerobic fitness can fully counterbalance 
the negative effects of obesity is, unfortunately, inconclusive. Given that 
the “fat but fit” notion has begun to gain recognition, it is important to 
properly test the underlying hypothesis. In the end, the questions boil 
down to the respective impacts of obesity and aerobic fitness on disease 
risk, and whether weight loss is desirable for all overweight individuals, 
or whether those fitting the “fat but fit” phenotype are not necessarily in 
need of weight reduction.    

It has long been known that aerobic fitness has a strong genetic 
component, yet the terms aerobic fitness and physical activity are used 
interchangeably by researchers, as well as public institutes. When studies 
employ the fitness measure as a proxy for physical activity, unknown 
genetic confounding may bias the results. For example, the American 
Heart Association and the American College for Sports Medicine have 
used the findings of studies of aerobic fitness as evidence when creating 
recommendations for physical activity. How genes affect the relationship 
between aerobic fitness and disease is unknown. Expanding the 
knowledge of how genetic heritage affects disease risk will have 
implications for how researchers and policymakers view aerobic fitness 
and interpret its measurement.  
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Aims 

The overarching aim of the present thesis was to investigate how 
established risk factors for CVD and death, namely obesity and low 
aerobic fitness, measured early in life affect the risks of adverse outcomes 
later in life. The second and third aims were to analyze the relative 
contributions of fatness and fitness to the risks of CVD and death, and to 
determine whether high aerobic fitness can compensate for the hazards of 
obesity. The fourth general aim was to investigate how genetic factors 
affect the relationships of aerobic fitness to CVD and death.  

Study I 

Low aerobic fitness and high BMI are strong independent risk factors for 
MI. The first aim of this study was to determine whether BMI and aerobic 
fitness in adolescence were associated with MI later in life. The second 
aim was to examine whether obese fit individuals had the same MI risk as 
unfit lean individuals.  

Study II 

The first aim of the second study was to investigate how established risk 
factors for stroke measured in late adolescence were associated with 
ischemic and hemorrhagic strokes later in life. The second aim was to 
determine how many cases of stroke observed during the follow-up 
period could be attributed to the examined risk factors.  

Study III 

The main aim of the third study was to investigate how aerobic fitness 
and obesity, measured in late adolescence, were associated with all-cause 
mortality later in life. Another aim was to test the “fat but fit” hypothesis 
with respect to the risk of all-cause mortality. The final aim was to 
examine how aerobic fitness is related to specific causes of death, such as 
CVD, cancer, substance abuse and suicide.  

Study IV 

The aim of the final study was to observe how accounting for genetic 
confounding altered the relationship between aerobic fitness, CVD and 
death. 
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MATERIALS AND METHODS 

Databases 

All studies included in the present thesis were based on data from several 
databases and registries, and interlinking among them. A brief summary 
of each database is presented below. Linking of data from all registries 
was achieved using the unique personal identification numbers given to 
all Swedish citizens.  

The Military Conscription Service Registry 

The Military Conscription Service Registry (MCSR) contains data for all 
individuals who participated in Swedish military conscription. Between 
1901 and 2010, Sweden’s military conscription was mandatory for all 
male citizens in their 18th year. Only individuals with chronic medical 
conditions or documented disabilities, and those who were incarcerated 
(2–3% of individuals eligible for conscription), were exempted from 
enrollment. During the conscription process, managed by the Swedish 
military service administration, conscripts underwent a 2-day battery of 
highly standardized tests, involving physical and mental assessment. 
These test results were then used to determine an appropriate military 
position for each candidate. The specifics of each test are outlined later in 
this chapter. 

Aside from undergoing physical and mental testing, the conscripts also 
met with a medical doctor. Based on patient histories, the doctor 
diagnosed any diseases according to the 8th edition of the International 
Classification of Diseases (ICD).  

The first two studies included only conscripts from the years 1969–1984 
and 1969–1986, respectively. The reasoning for these choices was that 
individuals conscripted after these periods would likely not add 
significant amounts of data on MIs and strokes, and most such events 
that would have been added would likely be due mainly to hereditary 
conditions.  

The National Hospital Discharge Registry 

The National Hospital Discharge Registry (HDR) was the source for data 
on all medical conditions diagnosed during follow-up. The HDR has 
covered approximately 90% of all inpatient care in Sweden since 1971, 
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and all outpatient care since 2001. Sweden’s Board of Health and Welfare 
superintends the HDR. Validation studies have shown that many 
diagnoses recorded in the registry, including MI and stroke, have ≥85% 
positive predictive value, although values are lower for some diagnoses. 
[332-334]  

The National Cause of Death Registry 

The National Cause of Death Registry (NCDR) contains data on deaths of 
all causes and has been used since 1961. Information on the dates and 
causes of all deaths occurring in the study population during follow-up 
was retrieved from the NCDR. The registry is administered by the Center 
of Epidemiology at the National Board of Health and Welfare, Sweden.  

Longitudinal Integration Database for Health Insurance and 
Labor Market Studies  

The Longitudinal Integration Database for Health Insurance and Labor 
Market Studies (LISA) contains all data relating to employment, health 
insurance, level of education and annual income for all Swedish citizens. 
It has been active since 1990. We collected data on all socioeconomic 
variables, including level of education, annual income and disability 
pension, from the LISA. Various latency times for LISA data collection 
(10, 15 and 20 years after conscription) were used in the studies 
conducted for this thesis. Because the registry begins in 1990, data for all 
individuals who had been active in the labor market for more than 10, 15 
or 20 years (depending on the study) before this point were collected at 
the 1990 timepoint. Data for all other individuals were retrieved at the 
given latency time.   

 

Study populations 

Cohorts for all four studies were identified using MCSR data. The 
common inclusion criteria were based on anthropometric measurements: 
body weight (≥40 kg and ≤160 kg) and height (≥140 cm and ≤ 215 cm). 
Conscripts who did not meet these criteria or for whom any measurement 
was lacking were excluded from the studies. The cohort for each study is 
described below (also see Figure 9). 
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Figure 9. An overview of the study cohorts.  

Study I  

In Study I, 743,498 participants (all men conscripted between 1969 and 
1984) were followed until 1 January 2011. A total of 11,526 MIs were 
diagnosed during follow-up. 

Study II  

In Study II, 811,570 participants (all men conscripted between 1969 and 
1986) were followed until 31 December 2011. During follow-up, 6180 
ischemic strokes and 2104 hemorrhagic strokes were diagnosed. 

Study III  

In Study III, 1,317,713 participants (all men conscripted between 1969 
and 1996) were followed until 31 December 2012. A total of 44,301 deaths 
occurred during follow-up.  

Study IV  

In Study IV, a population of of twins (5710 pairs) wihtin MSCR was 
examined. In the population, 443 cases of CVD or death were registered 
during follow-up.  
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Baseline testing procedures 

Muscle strength 

Isometric muscle strength was tested for grip, knee extension and elbow 
flexion, and was registered in newtons (N) using dynamometers. The 
individual tests were repeated three times, and the highest value for each 
test was recorded. When the last repetition yielded the highest value, the 
test was repeated until the value decreased.  

Grip strength was assessed in the dominant hand with the subject 
standing upright, with his arm held vertically at the shoulder joint and 
with 90° flexion in the elbow joint. The conscript was instructed to 
squeeze the grip dynamometer as hard as he could. Elbow flexion 
strength was assessed in the right arm with the subject seated, with his 
left hand resting on the left knee to achieve a straight shoulder position. 
When in proper position, the subject was instructed to flex his right arm 
to 90° as forcefully as he could. Knee extension strength was assessed in 
the right leg with the subject seated with his arms crossed. The 
dynamometer strap was placed on the malleolus of the ankle. The subject 
began with his knee in 90° flexion and was instructed to flex it as 
forcefully as he could.   

Aerobic fitness 

The level of aerobic fitness was determined using an electrically braked 
ergometer cycling test. Before the test, each subject underwent resting 
ECG; he proceeded with the test only if the ECG findings were normal. 
The test began with a 5-minute warm-up period with resistance of 75–150 
W, depending on the subject’s body weight. The resistance was then 
increased in 25-W/minute increments. The subject was instructed to 
maintain a cadence of approximately 60–70 revolutions per minute. 
When the subject could no longer pedal due to fatigue, the test was 
finished and the final work rate was recorded.  

Cognitive performance 

Four separate tests were used to ascertain subjects’ cognitive 
performance: (1) a logical test that measured the capacity to understand 
written instructions, (2) a word recollection test in which the subjects 
were instructed to select the correct synonym (among several options) for 
a specific word, (3) a visuospatial test in which the goal was to select the 
correct two-dimensional figure (among several options) to match a given 
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three-dimensional figure, and (4) a technical/mathematical test that 
measured problem-solving capacity. For later analysis, the test results 
registered during conscription were converted to normalized Z scores and 
then summed to obtain a general measure of cognitive performance. This 
general score ranged from 1 to 40, with a score of 40 indicating the 
highest level of cognitive performance.  

Blood pressure 

Systolic and diastolic blood pressures were measured after a resting 
period using a mercury sphygmomanometer placed around the right arm 
at heart level while the subject was in a supine position. Values were 
registered in millimeters of mercury (mmHg).  

 

Data collection during follow-up 

Myocardial infarction 

All cases of MI during follow-up were identified using the HDR. Subjects 
were diagnosed according to the 9th (1987–1996) and 10th (1997–present 
day) editions of the ICD. The diagnosis of MI in the HDR has been 
validated; 86% of cases fulfilled the criteria for diagnosis, 9% were likely 
MIs, and 5% of cases were not likely MIs. [334] 

Stroke 

Diagnoses of ischemic and hemorrhagic strokes were retrieved from the 
HDR. The positive predictive value of stroke diagnoses in the HDR has 
been found to be >90%. [332, 333] The ICD codes for stroke were:  

Ischemic stroke  

ICD-9: 434.xx  

ICD-10: I63.xx, I64.9 

Hemorrhagic stroke 

ICD-9: 431.xx  

ICD-10: I61.xx. 
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Stroke diagnoses in subjects’ biological parents were also retrieved from 
the HDR using the same ICD codes.  

Causes of death 

Data on dates and causes of death was retrieved from the NCDR. In the 
current thesis, causes of death were divided into the following categories: 
CVD, cancer, diabetes, trauma, suicide, substance abuse (including 
alcohol and narcotics), poisoning with unclear intention, epilepsy, 
infection and unspecified.  

Diabetes 

Diagnoses of diabetes were identified by the registry of such diagnosis 
during follow-up or by prescriptions for anti-diabetic drugs. These 
prescriptions were recorded in the National Prescription Register (data 
available from 2005 onward). The diagnostic codes for diabetes were: 

 Diabetes mellitus 

  ICD-9: 250 

  ICD-10: E10, E11. 

The majority (85–90%) of these cases were type II diabetes. [72, 73] 

Alcohol and drug intoxication 

Drug and alcohol intoxication events were used as indicators of abuse 
during follow-up. These events were identified using the following codes: 

 Alcohol intoxication  

ICD-9: 303 

ICD-10: F10.xx (excluding F10.7A) 

 Drug intoxication  

ICD-9: 304  

ICD-10: F11.xx. 
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Statistical methods 

Differences in baseline variables were tested according to the same 
principles in all four studies. Differences in continuous variables between 
two groups were assessed using two-way t tests, and comparisons of more 
than two groups were performed using analysis of variance with 
Bonferroni post hoc analysis. Pearson’s chi-squared (χ2) test was 
employed to assess differences in categorical variables. In all studies, Cox 
proportional hazard models were used to test hazard proportion 
assumptions, confirmed graphically by Kaplan–Meier plots or log-log 
curves (Studies I, II and IV), or by testing for a non-zero slope in a 
generalized linear regression model of scaled Schoenfeld residuals (Study 
III and IV). In all studies, the term independent was used to describe risk 
factors in relation to their respective outcomes, examined using 
multivariate regression models.  

In all studies, P values < 0.05 were considered to be significant. The SPSS 
software (vers. 20 and 21 for Macintosh; IBM, Armonk, NY, USA [prev. 
SPSS Inc., Chicago, IL, USA]) was used for comparison of baseline 
variables and construction of Cox proportional hazard models in all four 
studies. In study II, the SAS software (ver. 9.3 for Windows; SAS 
Institute, Inc., Cary, NC, USA) with Spiegleman’s population attributable 
risk (PAR) macro [19] was used to calculate PARs.  

Study I 

The associations between baseline aerobic fitness and muscle strength 
and the later incidence of MI were examined using Cox proportional 
hazard models. Three different models were used: (1) standard deviations 
(SDs) of baseline measures of aerobic fitness and muscle strength were 
linked to MI during follow-up, (2) fifths of aerobic fitness and knee 
extension strength were designated to observe how the risk developed 
across the spectrum of these measures and (3) sub-groups of WHO BMI 
classifications and fourths of aerobic fitness were designated to explore 
how fitness and fatness interacted. All models were adjusted for possible 
confounders, including blood pressure, common diagnoses at baseline 
and socioeconomic circumstances during follow-up.  

Study II 

Independent risk factors for ischemic and hemorrhagic strokes were 
assessed using Cox proportional hazard models. Diagnoses of alcohol and 
drug intoxication served as time-dependent variables. Heterogeneity in 
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hazard ratios (HRs) between ischemic and hemorrhagic strokes was 
assessed using the following formula: 

 

The number of stroke cases that could be attributed to the examined risk 
factors, i.e., the PAR, was calculated using odds ratios (ORs) from logistic 
regression models. [335] In these models, all risk factors were entered as 
binary variables; continuous variables above and below the median were 
assigned values of 0 and 1, respectively. The models were adjusted for 
possible confounders, including blood pressure, common diagnoses at 
baseline, alcohol and drug intoxication during follow-up and 
socioeconomic circumstances during follow-up. 

Study III 

In Study III, the associations of aerobic fitness with all-cause and cause-
specific deaths were investigated using Cox proportional hazard models. 
Three models were used: (1) aerobic fitness was linked to the incidence of 
cause-specific deaths during follow-up, (2) weight-adjusted aerobic 
fitness (W/kg) was linked to the incidence of cause-specific deaths during 
follow-up and (3) 16 sub-groups of WHO BMI classifications and fourths 
of aerobic fitness were designated to observe how fitness and BMI 
interacted. The models were fitted and graphically illustrated using the 
Stata software (ver. 12.1; StataCorp LP, College Station, TX, USA) and 
SPSS.  

Study IV 

To investigate the effect of genetic confounding on the associations of 
aerobic fitness with CVD and death later in life, a multivariate adjusted 
conditional logistic regression model was used. Individuals within pairs 
of twins with discordant aerobic fitness were compared with each other 
with respect to the later incidence of CVD, type II diabetes and all-cause 
mortality. This analysis was conducted using Stata software with the 
clogit (conditional logistic regression) command, which fitted maximum 
likelihood (fixed effect) models with the binary dependent variables 
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(CVD, diabetes and all-cause mortality). In the models, each individual in 
a pair was assigned a value of 1 or 0 to indicate that they had high or low 
aerobic fitness, respectively. Furthermore, each pair was assigned a 
unique number that served as a stratification variable in the conditional 
regression models.  

Consequently, the study cohort was investigated in the following manner; 
first in an unadjusted regression model, then in a regression model with 
added adjustments (for details, see the Results of Study IV section) and 
finally in a regression model to examine the effect of increasing difference 
in fitness. Lastly, a sensitivity analysis was performed to examine the 
risks of CVD and all-cause mortality in a non-paired manner using a 
regular logistic regression model. The heterogeneity of ORs obtained 
from these analyses was assessed using the same formula that was used 
in Study II.  
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RESULTS 

Results of Study I 

High aerobic fitness in late adolescence is associated with a reduced risk 
of myocardial infarction later in life: a nationwide cohort study in men 

Results 

A total of 11,526 MIs were diagnosed during the follow-up period (median 
34 years from baseline). One SD increase in aerobic fitness represented 
an 18% decreased risk of MI (HR 0.82, 95% confidence interval [CI] 
0.80–0.85), after adjustment for age, BMI, blood pressure, 
socioeconomic factors and diseases at baseline. Similar results were 
obtained for weight-adjusted fitness (W/kg). High aerobic fitness was 
beneficial for individuals across the BMI spectrum (P < 0.05 for all). 
However, obese men (BMI ≥ 30) within the highest quartile of aerobic 
fitness were at greater risk of later MI than were the least fit lean (BMI < 
18.5) individuals.  

Conclusions 

High aerobic fitness in late adolescence is associated with a lower risk of 
MI later in life. In contrast to previous studies, we did not find a “fat but 
fit” pattern of obesity in this analysis of aerobic fitness and MI. 

 

Results of Study II 

Risk factors assessed in adolescence and the later risk of stroke in men: 
a 33-year follow-up study 

Results 

Several independent risk factors for ischemic stroke were identified, 
namely low aerobic fitness (HR 0.84 per SD increase), high BMI (HR 1.15 
per SD increase), diabetes at baseline (HR 2.85), alcohol intoxication (HR 
1.93), low annual income (HR 0.85 per SD increase) and history of stroke 
in the mother (HR 1.31). The risk factors for hemorrhagic stroke were low 
aerobic fitness (HR 0.82 per SD increase), high BMI (HR 1.18 per SD 
increase), alcohol intoxication (HR 2.92), diabetes (HR 2.06) and low 
annual income (HR 0.75 per SD increase). When all risk factors were 



 

 49 

pooled in population attributable risk analyses (PAR), they were 
associated with 69% of all ischemic strokes and 88% of all hemorrhagic 
strokes in the study population.   

Conclusions 

Several independent risk factors for stroke are present in young males. 
These factors include low level of fitness, excess weight and diabetes. Low 
socioeconomic status and alcohol intoxication also appear to increase this 
risk. Taken together, these risk factors seem to explain a majority of cases 
of hemorrhagic and ischemic stroke in the study population.   

 

Results of Study III 

Aerobic fitness in late adolescence and the risk of early death: a 
prospective cohort study of 1.3 million Swedish men 

Results 

In this study, we found a strong association between aerobic fitness and 
all-cause mortality later in life (highest vs. lowest fifth of aerobic fitness: 
HR 0.49, 95% CI 0.47–0.51). In analyses of cause-specific deaths, high 
aerobic fitness exerted its strongest protective effect against deaths 
related to alcohol and narcotics (HR 0.20, 95% CI 0.15–0.26). Analyses 
using weight-adjusted fitness (W/kg) produced similar results. The 
beneficial effects of high aerobic fitness declined with increasing BMI for 
all-cause mortality (P < 0.001 for interaction) and cause-specific 
mortality (CVD, cerebrovascular disease, cancer, trauma and substance 
abuse). Unfit lean individuals had lower all-cause mortality risks than did 
their fit obese counterparts.  

Conclusions 

Aerobic fitness early in life is strongly linked to the risks of all-cause and 
cause-specific mortality later in life. The positive effects associated with 
high aerobic fitness appear to decline with increasing BMI, adding further 
evidence against the notion that one can be “fat but fit.”  
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Results of Study IV 

The risks of Cardiovascular Disease and Death in Twin Pairs with 
Discrepant Aerobic Fitness: A nationawide Cohort Study. Submitted for 
publication 
 

Results 

No significant difference in the risk of CVD or death was observed 
between fit and unfit twins (OR 1.11, 95% CI 0.88–1.40). The selection of 
twins with sizeable differences in fitness (≥70 W) did not alter this 
association. In the final analysis comparing the risk of type II diabetes 
between pairs of fit and unfit twins, this risk was significantly lower for fit 
twins (OR 0.74, 95% CI 0.55–0.98, P < 0.05).  

Conclusions 

In the comparison of twins with discordant aerobic fitness, we observed 
no protective effect of high aerobic fitness on the risks of CVD and death 
later in life, although high fitness appeared to protect against type II 
diabetes. Thus, the links between aerobic fitness early in life and CVD and 
death later in life appear to be genetically mediated. The finding that high 
aerobic fitness protects against diabetes later in life strongly suggests that 
the differences in fitness at baseline were indeed significant.  

  
  
  
  
  
  
 
 
  
  
  
   



 

 51 

DISCUSSION 

Aerobic fitness as a life-long indicator of health 

High aerobic fitness is a strong indicator of general health and is 
associated with a reduced risk of developing common diseases. In various 
studies, low aerobic fitness has been associated with increased risks of 
CVD, cancer, diabetes, dementia and psychiatric disease. [85, 244-248] 
Low aerobic fitness appears to be one of the strongest predictors of 
cardiovascular and all-cause mortality; in some studies, it has 
outperformed all conventional risk factors, including obesity and 
smoking. [2, 4, 306-314] 

Most studies linking aerobic fitness to the incidence of CVD and mortality 
from various diseases has done so in middle-aged and old populations. It 
is not fully known how aerobic fitness early in life affects the risks of 
disease and death later in life. This knowledge gap exists despite the fact 
that some of the underlying processes causing disease and death are life-
long. Signs of atherosclerosis are, for example, present in adolescence. 
[148] Selected studies have focused on the relationships between aerobic 
fitness early in life and the risks of CVD and all-cause mortality later in 
life. [309, 336, 337] All of these studies have reached similar conclusions: 
that aerobic fitness is inversely associated with intermediary outcomes, 
manifested disease and all-cause mortality. Unfortunately, studies with 
sufficient follow-up times generally lack power, and sufficiently powered 
studies lack tangible endpoints, instead relying on intermediary outcomes 
such as hypertension and dyslipidemia. [309, 336, 337] This situation is, 
of course, a consequence of the costs associated with conducting 
prospective long-term follow-up studies of large populations. However, to 
further explore the impact of aerobic fitness early in life on the risks of 
disease and death later in life, studies with greater statistical power and 
hard endpoints are needed.  

Studies I, II and III demonstrated that aerobic fitness in late adolescence 
is associated with adverse outcomes later in life. High aerobic fitness 
protected against MI, ischemic stroke, hemorrhagic stroke, death from all 
causes and all major cause-specific deaths. Interestingly, Study III also 
showed particularly strong associations between aerobic fitness and the 
risks of dying from substance abuse, suicide and trauma later in life. 
These causes of death are not, at least as presently understood, tied to the 
processes that cause CVD, cancer and diabetes. It is also difficult to align 
these results with a model in which physical activity is the key link 
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between aerobic fitness and disease. Instead, genetic factors may play a 
significant role – a conclusion that led to the hypothesis and design of 
Study IV. 

Protective mechanisms of aerobic fitness 

As discussed in the Aerobic fitness chapter, fitness is a largely genetic 
trait with some influence from habitual physical activity. As indicated by 
the results of Study III aerobic fitness likely has a strong genetic 
component that exerts a strong influence on the relationship between 
fitness and disease. The results of Study IV confirmed this suspicion; 
adjustment for genetic confounding removed the associations of aerobic 
fitness with CVD and all-cause mortality. These findings suggest that the 
disease-modifying properties of aerobic fitness are largely genetic. 
Although the amount and level of physical activity are important 
variables in the explanatory model of fitness, the current research project 
found no support for the notion that fitness-altering exercise early in life 
affects the risks of CVD and death. However, the evidence supporting 
physical activity as a protector against disease is plentiful. [338-340] This 
apparent paradox between our results and previously published data may 
be explained to some extent by the fact that physical activity does not 
always result in increased aerobic fitness. For adults to achieve a 
substantial increase in aerobic fitness, as assessed by a WMAX or VO2max 

test, specific high-intensity interval training is required, and the ability to 
attain such an increase varies among individuals. [266, 267, 341] Low- to 
moderate-intensity physical activity may reduce the risk of disease 
without elevating peak aerobic fitness. For example, numerous studies 
have demonstrated that low- to moderate-intensity exercise does indeed 
offer protection against CVD and cancer. [339, 340, 342, 343] Moreover, 
the exercise habits of the adolescents comprising the population of Study 
IV may have changed during the follow-up period. In contrast, exercise 
habits and aerobic fitness data registered later in life may better reflect 
habitual physical activity, although the risk of residual confounding by 
undiagnosed subclinical disease is greater. Of course, genetic 
confounding may also play a role in the relationship between physical 
activity and disease, although results on this matter are conflicting. [344, 
345] 

The genetic component of fitness is, however, large, and the results of 
Study IV suggest that it influences associations with disease and all-cause 
mortality. [10, 11] The remaining question is: how do genes controlling 
aerobic fitness exert this influence on the development of disease? A high 
level of aerobic fitness requires lungs that can consume adequate 
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amounts of oxygen, a circulatory system that can provide the muscles 
with oxygen and nutrients, a metabolic system that can utilize stored 
energy and skeletal muscles that can perform despite energy and oxygen 
deficiency. From a theoretical standpoint, one could assume that having 
“fit” skeletal muscles, vascular system, mitochondria, lungs and heart 
would lend protection against insulin resistance, atherosclerosis, 
hypertension and cardiac health. From an empirical standpoint, there is 
overlap among genes implicated in the function of the cardiorespiratory 
system, skeletal muscles and pathophysiologies of common diseases. A 
brief overview of the relevant genes is presented below.  

PPARα is a gene tied to the level of aerobic fitness that simultaneously 
affects vascular inflammation, lipoprotein metabolism and 
atherosclerosis. [272, 346] The IL-6 genotype is tied to the amount of 
skeletal muscle, and also serves as an upstream promoter of vascular 
inflammation. [347, 348] Expression of the IL-15 gene is associated with 
skeletal muscle growth and governs visceral fat disposition. [281, 349] 
Expression of the glucocorticoid receptor gene is important for the 
metabolic function of skeletal muscle and affects the levels of cholesterol 
and insulin. [280, 350] This gene is also implicated in several anti-tumor 
and anti-inflammatory pathways, and modulates cellular response to 
various steroid hormones. [351] The IGF-2 genotype is associated with 
muscle performance and implicated in the development of various 
cancers, and IGF-2 levels may be linked to memory function. [277, 352, 
353] VEGF gene expression is tied to individual trainability and VO2max, 
and associated with cancer and atherosclerosis. [272, 273, 354, 355] It is 
important to highlight that generally speaking, the effects of individual 
genes and polymorphism are, at best, moderate.  

In Study III, low aerobic fitness was associated with deaths from 
substance abuse, trauma and suicide. What, then, is the common link 
between aerobic fitness and the propensity toward these specific causes of 
death? Low aerobic fitness is associated with depression and anxiety, 
which in turn increase the risk of suicide. [247, 248, 303, 305] Twin 
studies have revealed that suicide has a strong genetic component, due 
partly to its associations with depression and anxiety. [356] Some genes 
that increase aerobic fitness may also improve mental health. The 
associations of aerobic fitness with trauma and substance abuse are, 
however, more difficult to explain. Some form of presently unknown 
genetic predisposition might constitute a plausible connection between 
fitness and death from substance abuse or trauma. Another possibility is 
that individuals who abuse substances and display other risk-taking 
behaviors perform poorly on fitness tests simply because of their 



 

 54 

unhealthy lifestyles. This is, unfortunately, mere speculation, and specific 
studies would be needed to explore this question.  

Given the research available, it is not possible to draw a straight line from 
genes controlling aerobic fitness to genes controlling disease 
susceptibility. This line is further blurred when the aspect of epigenetic 
control is considered. Nevertheless, the foregoing examples illustrate that 
there is indeed overlap between fitness- and disease-modifying genes. It 
is therefore plausible that fitness and disease – at least to some degree – 
share a genetic origin. Extensive genetic research with refined methods 
would, of course, be needed to clarify how and to what extent fitness 
genes influence the development of diseases and death.  

 
 

Fat but fit 

The “fat but fit” hypothesis states that individuals who are obese and have 
high aerobic fitness have the same or lower risks of CVD and early death 
as do lean, unfit individuals. The hypothesis originated from a set of 
studies that found that obese individuals with high aerobic fitness had the 
same or lower risks of CVD and death as did lean individuals with low 
aerobic fitness. [4-9] Similar findings were subsequently reported for 
obese individuals who were metabolically fit, i.e., had normal metabolic 
profiles. [329-331] If it were to be found true, the concept of “fat but fit” 
could change the approach to dealing with obesity through the 
prioritization of higher fitness and a healthy metabolic profile, rather 
than weight loss. As weight loss is difficult to achieve and maintain, the 
targeting of fitness and the metabolic profile constitutes an attractive 
alternative. [357] This sentiment about weight loss was also reflected in 
the widespread media attention that the “fat but fit” research results 
garnered.  

The “fat but fit” hypothesis is appealing and has important implications, 
but the studies underlying its formulation have several weaknesses. 
Firstly, the study populations were largely middle aged. As has been 
argued previously, many of the processes leading to disease manifestation 
and premature death are life-long and closely linked to genetic heritage. 
It is therefore important to study the “fat but fit” phenotype over a long 
period of time, to avoid residual confounding by underlying disease, as is 
the case among older populations. Secondly, many of the study cohorts in 
question were self-selected. Self-selection of participants may influence 
study results; a propensity for participation in scientific research is 
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related to individuals’ level of income, educational attainment and 
upbringing. These factors may, in turn, impact other behaviors that affect 
disease risk. [358] Thirdly, physical activity and aerobic fitness have been 
used interchangeably in some systematic reviews in the data analysis 
phase, in drawing conclusions and in the comparison of results. The 
fallacy inherent to this assumption was described in the Aerobic fitness 
chapter and is discussed further below. This error greatly weakens the 
conclusions of the systematic reviews. Fourthly, several studies 
supporting the “fat but fit” hypothesis have used self-reported values for 
BMI and/or physical fitness. Self-reporting is associated with bias, 
especially in research on obesity and physical activity. [359, 360]  

In Studies I and III, high aerobic fitness did not compensate for obesity 
with respect to the risks of MI and death from any cause. These findings 
come from unselected, population-wide cohorts with objective, reliable 
measures of aerobic fitness and BMI, and long (~29 years) durations of 
follow-up. Together, these factors minimize the risks of residual 
confounding, self-selection and self-reporting bias, increasing the 
internal and external validity of the results. Moreover, recent meta-
analyses have added evidence against the “fat but fit” hypothesis. [326-
328] However, the relationships among fitness, fatness and disease are 
complex. Multiple confounders can cause spurious associations; 
underlying genotypes may drive positive results, and poorly assessed 
levels of fitness and obesity can dilute observed effects. The mechanisms 
by which high aerobic fitness compensates for obesity in terms of risk are 
also unknown: does high aerobic fitness act on mediators of obesity, on 
separate targets or on some combination of these? Nevertheless, “fat but 
fit” is a controversial concept, and the studies conducted for the present 
thesis add strong evidence against this notion.  

 

Aerobic fitness and diabetes 

Insulin resistance and type II diabetes are key components of the 
development of atherosclerosis, dementia and some forms of cancer. [113, 
114, 361, 362] The etiology of type II diabetes is associated with a 
sedentary lifestyle and obesity. Low aerobic fitness and a small amount of 
habitual physical activity have been linked to the development of 
diabetes. [80, 81, 84, 85] Despite adjustments for genetic confounding, 
high aerobic fitness protected against diabetes in Study IV. This finding 
indicates that external factors influencing aerobic fitness – namely, 
aerobic exercise – do indeed offer protection against diabetes, consistent 
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with current recommendations. These effects may also be mediated 
partially by BMI. 

 
 

Aerobic fitness versus physical activity 

A recurring theme throughout the present thesis has been the fallacy of 
equating aerobic fitness with physical activity. Large institutes and highly 
cited research rely on and propagate the assumption that aerobic fitness 
can be used as a sensitive measure of and proxy for habitual physical 
activity. [4, 249, 258] This line of thought holds that aerobic fitness and 
physical activity can be used interchangeably as risk factors for CVD and 
all-cause mortality.  

Indirect evidence of this fallacy can be found in epidemiological research 
investigating the relationships among aerobic fitness, physical activity 
and adverse outcomes. In comparison with physical activity, aerobic 
fitness is a stronger predictor of disease and death. In addition, aerobic 
fitness is associated with CVD and death independently of physical 
activity. [212, 310] Although these results can be attributed partly to 
measurement error for aerobic fitness and habitual physical activity, they 
still indicate that fitness and physical activity are not two sides of the 
same coin.  

More direct evidence also exists. In several independent study 
populations, less than half of the observed variation in aerobic fitness 
could be explained by habitual physical activity. [262, 263] Twin studies 
and heritage studies have demonstrated that aerobic fitness is governed 
mainly by genetics, rather than habitual physical activity. [10, 11] 
Although physical activity is also governed to some degree by genetics, 
physical activity and fitness do not share a majority of genetic origin. 
[272, 273, 284] In Study IV, we compared the risks of CVD and all-cause 
mortality in twin pairs with discordant aerobic fitness. As twins share 
genes, twins with higher fitness levels ought to have exercised more, or 
been exposed to factors influencing fitness. In our study, higher fitness 
did not lead to a lower risk of CVD or death in fit twins compared with 
their unfit siblings. In other words, when analyses are adjusted for 
genetic confounding, fitness does not appear to protect against disease 
and death. Thus, in an epidemiological setting, one should be cautious 
with the use of aerobic fitness and physical activity interchangeably as 
risk markers.  
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To summarize, evidence suggests that aerobic fitness cannot be equated 
with habitual physical activity in many aspects of concern. This applies to 
the use of fitness as a proxy measure of physical activity, and the 
treatment of physical activity and aerobic fitness as identical or very 
similar risk factors. These conclusions have important implications with 
regard to the interpretation of scientific findings on this topic. For 
example, systematic reviews that use aerobic fitness and physical activity 
synonymously lend support to the “fat but fit” hypothesis. [4] Similarly, 
recommendations for physical activity and exercise are based partially on 
studies in which aerobic fitness has been used as the main exposure. 
[363] As recommendations on physical activity and weight loss can have 
a great impact on public health, it is of utmost importance that the 
underlying evidence, with its pertaining assumptions, is correct. The 
results of the present thesis may nuance the view and interpretation of 
aerobic fitness and its relation to physical activity.  

In conclusion, our data suggest the following: aerobic fitness early in life 
is a good indicator of health later in life, but non-genetic factors 
contributing to higher aerobic fitness do not seem to offer protection 
against CVD or all-cause mortality.  

 

Limitations 

The studies that comprise the present thesis have several weaknesses that 
warrant discussion. As all four studies were based on the MCSR and 
share sources for follow-up data, they are discussed together. The first 
major limitation is that the study populations consisted only of males; 
hence, all results are directly applicable only to men. The second major 
limitation is that data on several valuable covariates were lacking. When 
assessing cardiovascular risk, variables of interest are tobacco use, resting 
heart rate, parental socioeconomics and upbringing, blood lipid profile, 
alcohol consumption, habitual physical activity, WC, markers of systemic 
inflammation and many more. Although one could make an almost 
endless list of potential covariates, the addition of tobacco use, WC, 
resting heart rate, parental socioeconomics and blood lipid profile would 
have substantially increased the credibility and power of our risk models. 
Parental socioeconomic status would have been of extra interest, given 
the age of baseline testing, as 18-year-olds that come from 
disadvantageous backgrounds are more likely to have poor eating and 
exercise habits, be obese, use tobacco and not pursue higher education. 
Resting heart rate could also add important information, as it is a strong 
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marker of cardiovascular mortality. [364] Thirdly, it would have been of 
great value to have regular data collection points, e.g., every 10 years, 
during the follow-up period. This would have been of value because the 
mean follow-up times are long and many important variables likely 
changed as the study populations grew older.  

Fourthly, the mean ages of MI, stroke and death were lower than the 
actual mean age for all outcomes. Some of the early deaths may be 
attributable to hereditary conditions, such as familiar 
hypercholesterolemia and congenital heart defects. A fifth limitation is 
the strict observational nature of all studies conducted for this thesis. 
Because of this design, we can only speculate on the causes and effects of 
associations of aerobic fitness with obesity, diabetes, CVD and all-cause 
mortality. Finally, even longer follow-up times would have been desirable 
to collect data on CVD and death in the populations as they reached old 
age.  

In Study IV, twin siblings with discordant aerobic fitness were compared 
with respect to the risks of CVD or death during follow-up. As twins share 
most genes, any observed difference in aerobic fitness would be 
behavioral. The overarching goal of this study was thus to investigate how 
behavioral changes in aerobic fitness affected the risks of CVD and death 
(as our twin model removed all genetic differences in aerobic fitness). A 
presumed caveat to the study design was our inability to discriminate 
dizygotic (DZ) from monozygotic (MZ) twin pairs. As DZ twins do not 
share all genes, we could not guarantee that all genetic confounding was 
removed. However, we found that twins with higher aerobic fitness did 
not have a lower risk of CVD or death compared with their unfit siblings. 
Given that a confounder creates spurious relationships, we ought to have 
observed a difference in risk between fit and unfit twins if any genetic 
confounding was not covered in our model. Hence, we can assume that 
relevant genetic confounding, i.e., the effects of genes controlling aerobic 
fitness, was adjusted for in the model. However, external validation of 
this claim is needed.  

Assessment of aerobic fitness 

In the present thesis, aerobic fitness was assessed using an incremental 
bicycle test. This method is commonly used and easy to carry out and 
reproduce. However, some aspects of this form of testing demand 
consideration. On a bicycle, the test subject is less hindered by his or her 
weight than he or she would be while running, when weight has a major 
impact on performance. Extra weight can even result in a higher power 
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output; heavier legs add more force to the pedals. In our studies, this 
effect would have translated to the overestimation of WMAX in overweight 
individuals, which in turn would confound the relationships between 
aerobic fitness and the investigated outcomes. This problem was solved 
by using weight-adjusted aerobic fitness, expressed as W/kg. In Studies I 
and III, the relationships between the W/kg variable and MI, all-cause 
mortality and cause-specific mortality were very similar to relationships 
with the unadjusted WMAX variable. BMI adjustments in the WMAX 
survival models likely exerted similar effects as did the W/kg variable on 
the relationships between aerobic fitness and the adverse outcomes 
examined. 

Secondly, what does the braked bicycle test actually assess? It could very 
well be argued that the test assesses not only aerobic capacity, but also 
elements of perseverance and motivation. Some of the conscripts may 
have felt unmotivated, which is understandable, as military conscription 
was anything but voluntary – exemption could be granted only due to 
incarceration or documented chronic illness or disability. In such a case, 
motivation or determination would indeed determine a portion of the 
observed variance in aerobic fitness, or at least act as a confounder 
among people with unusually high or low degrees of motivation.  

A third point regarding the testing concerns the protocol and equipment. 
Did the Swedish conscription personnel adhere to the same testing 
protocol and use the same testing equipment in all testing years? All 
studies conducted for this thesis were based on the assumption that 
testing followed the 25-W increment protocol and used the same model 
of cycle. Unfortunately, unaccredited individuals who have worked at 
military testing centers have pointed out that larger increments were 
used in the early years of bicycle testing. Although it is difficult to verify 
this strictly verbal information, the individuals had no involvement in any 
competing research and there is no reason to doubt the information. The 
use of larger increments would – generally – lead to lower precision. It is 
difficult to speculate how this decreased precision would influence the 
associations between aerobic fitness and the observed outcomes. 
Nevertheless, if the lower precision is not accompanied by a tendency to 
over- or underestimate, no great influence would be observed, apart from 
larger P values and wider confidence intervals.  

Assessment of obesity 

In all four studies, obesity was defined as BMI ≥ 30. BMI is a measure 
with several recognized weaknesses. [365] The metric is defined purely by 
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height and weight and does not consider the disposition of fat or the ratio 
of fat mass to lean mass. The addition of WC would consume a small 
amount of additional resources, but would add valuable information to 
the risk models. However, there is still a strong association between BMI 
and visceral fat mass. [366] 

Statistical models 

All statistical models used in the thesis employed conventional 
epidemiological calculations. The Cox proportional hazard model is the 
gold standard for the estimation of risk ratios, or HRs, when taking 
follow-up time into account. Although the model is rigorous and well 
tested, it has some drawbacks worth discussing. The Cox model is a 
logistic regression model that builds on the assumption that a factor 
multiplies the hazard for an outcome (the hazard function), which 
factors in the time from exposure to outcome. This model has 
applications in cardiovascular research, as it demonstrates risks based 
solely on the covariates’ relationships to a dichotomous endpoint. 
However, more nuanced models that describe interaction among 
independent variables and the outcome itself exist.  

The logistic regression model that underlies the Cox model is based on 
several assumptions about independent covariates. For example, the 
independent variables may not interact with each other with respect to 
the outcome. The independent variables must also be just that, 
independent, with little to no multicollinearity. Cardiovascular risk 
factors are, admittedly, tightly interwoven both genetically and 
behaviorally, and it would be a sign of hubris to assume that all included 
risk factors strictly adhered to the assumptions required for a proper Cox 
proportional hazard model. A more appealing alternative to deal with the 
inherent complexity and nonlinearity of cardiovascular risk modeling lies 
in artificial neural networks (ANNs). [367] ANNs operate in a nonlinear 
fashion, with no assumption of interaction of independent variables or 
their relationship to the dependent variable (Figure 10). [368] By virtue 
of its operational nature, ANNs might be better suited for the 
examination of the complex interactions of aerobic fitness, obesity, 
socioeconomics, time, age and genetics.  
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Figure 10. A feed-forward ANN. An ANN consists of neurons that are connected by axons. 
The axons may be enforcing or inhibitory. Each unit of neuron and its pertaining axons is 
connected with many other units. The units may summarize incoming signals, or they may 
act as thresholds that require a minimum amount of input to propagate the signal. An ANN 
solves problems based on the raw data rather that solving problems with a set of 
predetermined rules. Because of this, it may find complex, non-linear associations otherwise 
not detectable. Image source: Xing J, Chen J, 2015, Sensors (Basel). [369] 

Another aspect of risk estimates is the outcomes themselves. In all studies 
conducted for the present thesis, HRs and ORs were derived from binary 
outcomes; the events occurred at exactly one point, at which time the 
study subject’s data coding was changed from 0 to 1. As discussed in the 
Atherosclerosis chapter, the underlying pathophysiology is dynamic and 
spans several decades. The outcomes studied in this thesis are also of 
varying degrees of severity; MI can range from a minor occurrence with 
slight chest pain and mildly elevated troponins to total occlusion of the 
coronary arteries with massive troponin release, difficult arrhythmia and 
circulatory chock. The duration of CVD may also vary, as some patients 
experience years of angina pectoris, intermittent claudication and heart 
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failure. The variability in cardiovascular outcomes and their durations 
cannot be expressed with a dichotomous variable. Moreover, some 
individuals may experience MI or stroke regardless of the intervention or 
medication. However, disease onset can be delayed significantly and its 
severity can be reduced by such measures, thereby offering more years 
with a higher quality of life – arguably something to strive for when the 
outcome is death. Instead of a Cox model, an accelerated failure time 
(AFT) model can be fitted to account for delayed disease onset and 
disease duration. [370] An AFT model assumes that the independent 
variables accelerate the duration of the disease by some factor.  

In Study II, we fitted a logistic regression model with dichotomous risk 
factors, and the ORs obtained with this model were, in turn, used to 
calculate individual and total PARs. PAR denotes the portion of observed 
outcomes that would disappear if the given independent variable (i.e., 
risk factor) were to be removed. In other words, the model does not 
compute risk, but rather a fraction of cases. The PAR model is useful for 
illustrating the impacts of individual risk factors and the expected effects 
of their removal. However, the use of PAR requires caution and 
thoughtfulness to avoid overestimation of the attributable fractions. The 
most obvious pitfall when using PAR is the use of excessively broad 
definitions of risk factors. When the inclusion criteria are too broad, the 
risk factor will be associated with too many cases, leading to the 
overestimation of its impact. [335] In Study II, the PAR model was based 
on dichotomous variables, and it is plausible that the inclusion criteria for 
particular risk factors were set too broadly for some variables. Thus, 
results from the PAR model should be interpreted with caution.  

 

Clinical implications 

As the studies conducted for the present thesis were observational in 
nature, they cannot serve directly as material for the establishment of 
clinical guidelines. Nevertheless, some conclusions can be drawn. First 
and foremost, Studies I and III added important evidence to the “fat but 
fit” debate. This evidence could be translated into recommendations for 
fat loss and exercise that avoid the term “fat but fit”. Moreover, Studies I–
III demonstrated that risk factors for MI, stroke and death are present 
early in life. These results indicate that high-risk individuals can be 
identified early in life using simple metrics, such as aerobic fitness and 
BMI. It is admittedly difficult to formulate exact cut-off points using data 
from the MCSR. However, our results suggest that patterns of disease risk 
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begin much earlier than the ages targeted for current disease 
interventions.  

Studies I–III also demonstrated the validity of aerobic fitness as a life-
long predictor of disease and death. Even in late adolescence, aerobic 
fitness is a highly available and useful metric. Testing for aerobic fitness 
may thus have applications beyond cardiology and anesthesia. Study IV 
demonstrated that the associations of aerobic fitness with disease and 
death are mediated mainly by genetic factors. According to this finding, 
aerobic fitness cannot serve as a reliable measure of habitual physical 
activity. Another question that needs further review is the usefulness of 
training for higher aerobic fitness. Study IV added support for training to 
increase fitness with respect to the risk of diabetes, but no positive effect 
was seen with respect to the risks of CVD and death. In a clinical setting, 
aerobic fitness is thus useful as a general risk indicator, but it is unclear 
whether the tracking of changes in aerobic fitness on an individual level 
adds any useful information, except in the case of diabetes.  

 

Future research 

There are several avenues along which the present thesis could be 
expanded upon. Repetition of the studies with populations of women 
could enable inference to the whole population. Repetition with the same 
populations in a decade or two would lead to greater mean ages of CVD 
diagnosis and death, which in turn would provide better representation of 
true cases. Similar studies with the addition of a few baseline tests could 
also greatly improve the understanding of the relationship between 
aerobic fitness and disease. More detailed assessment of participants’ 
obesity could offer a better opportunity to adjust for possible 
confounding; WC and DEXA scans could add critical information. More 
precise information about fat distribution in the study participants would 
also aid the testing of the “fat but fit” hypothesis, as visceral fat 
distribution may confound the observed associations.  

All of the studies conducted for the present thesis were observational in 
nature. It would be interesting to actually record the amount of physical 
activity and study its effect on health in comparison with aerobic fitness. 
It would furthermore be very interesting to see whether the positive 
effects of physical activity hinge on its influence on aerobic fitness, i.e., 
does physical activity need to elevate fitness to offer protection against 
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disease? This type of analysis would, of course, need to be adjusted for 
any changes in body fat that are likely to result from exercise.  

As aerobic fitness likely exerts its effects through various mediators, it 
would be of great interest to see whether aerobic fitness in late 
adolescence protects against CVD when adjustments for blood lipid 
profile, systemic inflammation and insulin sensitivity are made. To 
expand even farther, it would be interesting to track these variables 
throughout life, to see how fitness, obesity and the metabolic profile 
interact in terms of the risks of CVD and death in different age groups. 
This could further document how risk patterns begin early in life.  

More in-depth genetic studies of the association between aerobic fitness 
and disease could also constitute an avenue for further scientific inquiry. 
Detailed, objective registration of physical activity, aerobic fitness and 
disease incidence in MZ twins over a long period of time could provide a 
detailed understanding of how genes, environment and disease risk 
interact. Adequate genetic maps for aerobic fitness and disease have yet 
to be drawn, and it would be interesting to explore this shared genetic 
origin. A topic of special interest would be the association between 
aerobic fitness and deaths associated with substance abuse, suicide and 
trauma. What is the causality between these factors, if any?  

The role of fitness as a predictor of adverse outcomes can be considered 
to be established. Yet, several perspectives on health transcend strict 
diagnostic criteria. For example, leisure-time physical activity is related 
to self-perceived health. [371] It would thus be of interest to investigate 
whether aerobic fitness and obesity are related to outcomes such as self-
perceived health and quality of life. It would perhaps add strength and an 
emotional dimension to the argument if fitness and obesity could be 
shown to also predict the feeling of being healthy and living a good life.  
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SUMMARY AND CONCLUSIONS 

Aerobic fitness early in life is a strong, independent risk factor for CVD 
and death. High aerobic fitness protects against CVD; lower risks were 
seen for MI and ischemic and hemorrhagic strokes. The protective effect 
of high aerobic fitness was significant in analyses adjusted for BMI, blood 
pressure, socioeconomic factors and diagnoses at baseline.  

The “fat but fit” hypothesis states that obese individuals can compensate 
their risks of CVD and death by having high aerobic fitness. However, 
results from this thesis showed that obese individuals were always at 
greater risk of MI and all-cause mortality, irrespective of the level of 
aerobic fitness. This finding challenges the notion that one can be “fat but 
fit” and attain a low risk of disease.  

In Study III, aerobic fitness was linked to the risks of all-cause and cause-
specific mortality. High aerobic fitness was associated with a lower 
incidence of all causes of death, even after adjustment for relevant 
confounders. Interestingly, high aerobic fitness protected mainly against 
deaths from alcohol and substance abuse, suicide and trauma. As these 
factors are not traditionally associated with aerobic fitness, we 
hypothesized that genetic confounding explained the observed 
associations.  

In Study IV, this genetic confounding was studied in a twin model. Fit 
twins were compared with their unfit twin siblings with regard to the 
risks of death and CVD during follow-up. High fitness offered no 
protection against CVD or death when genetic confounding was 
accounted for. However, high fitness did indeed offer significant 
protection against diabetes. These results underscore the genetic 
component of fitness and its contribution to the associations of aerobic 
fitness with CVD and death. However, higher fitness appears to protect 
against diabetes, regardless of controlling for genetic effects, in line with 
previous intervention studies. [80, 81]  

In summary, aerobic fitness is a life-long indicator of disease and 
mortality risk. Although high aerobic fitness decreases the risks of CVD 
and death, it cannot fully mitigate the negative effects of obesity. The 
associations between aerobic fitness and adverse outcomes appear to be 
mediated primarily by genetic factors.  
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