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ABSTRACT 

 

Aim 

The aim of this study was to investigate the most commonly used approaches to 

measure individual genome-wide heterozygosity (IGWH) and to investigate whether 

IGWH can be considered as a health risk factor or a protective factor in humans.  

 

Methods  

This study was based on two samples from isolated communities of Croatian 

Adriatic islands, with a total of 1,930 adult examinees from Islands of Vis (N=986) 

and Korcula (N=944). Examinees were genotyped with a total of 302,662 single 

nucleotide polymorphisms. Heterozygosity was estimated using five commonly 

calculated methods.  

 

Results 

Correlation coefficients between different heterozygosity methods were generally in 

the range of 0.7-0.8. A worsening in some phenotypic traits, including cholesterol 

and triglycerides as well as increased odds for osteoporosis and metabolic syndrome 

was recorded in cases of IGWH reduction. Nevertheless, in these cases 

heterozygosity explained a relatively low amount of variance, generally in range of 

0.4-0.6% of total trait variance.  

 

Conclusion 

However, these results were significant in Vis Island sample, while in the replication 

sample, Korcula Island, most of the associations were not significant, possibly due to 

the overall lower amount of inbreeding and higher heterozygosity in Korcula Island 

sample. The results warrant further research in order to provide more information on 

the extent and importance of individual genome-wide heterozygosity, which might 

have an important role in communities which experience consanguinity on a greater 

scale. Two main shortcomings of the study include possible lack of power to detect 

inbreeding depression and the need to replicate the results in other populations.  
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FOREWORD 

 

This Thesis is the result of my involvement in a large genetic epidemiology 

programme that was initiated in 1999. I joined the research group in 2003 and have 

been substantially involved in this work ever since.  

Initially, I joined as a medical doctor and was immediately involved in field 

work in the Croatian islands. Firstly I worked for brief periods in the islands of 

Lastovo and Mljet, then in 2003 and 2004 I worked in the island of Vis, sampling 

and organising the field work that constitutes a major part of this Thesis. This stage 

of the field work was largely organised and performed by the staff of the Institute for 

Anthropological Research (notably Professor Pavao Rudan, Branka Janicijevic and 

Nina-Smolej Narancic and many more who worked in the field).  

After the field work was completed, I created a database, entered the data, 

and organised and carried out most of the genealogy reconstruction work with the 

help of Dr. Ivana Kolcic (Zagreb University School of Medicine). In 2005 I was 

awarded a PhD Scholarship by the University of Edinburgh. The same year I was 

also awarded two additional scholarships which enabled my further involvement in 

this field – a scholarship from the Croatian Ministry of Science, Education and 

Sports and another from the Association of the Schools of Public Health in the 

European Region (ASPHER). During my second year I was awarded a scholarship 

by the Overseas Research Scheme, which covered the rest of my fees.  

The original idea for this research came from my supervisors Professor Harry 

Campbell (Division of Community Health Sciences, The University of Edinburgh) 

and Professor Alan Wright (Medical Research Council, Human Genetics Unit) and 

my informal mentor Professor Igor Rudan (Division of Community Health Sciences, 

The University of Edinburgh). All three of them provided valuable guidance and 

(needed) support in the Thesis preparation and field work organisation. Caroline 

Hayward and Veronique Vitart (Medical Research Council, Human Genetics Unit) 

provided important information regarding the entire process of collecting and 

analysing data. Additionally, Anne-Louise Leutenegger (INSERM, Paris, France) 

has provided substantial support in the sphere of calculation and programming, by 
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both teaching and providing me with some Perl scripts and very useful advice that I 

used in the preparation of this Thesis.  

In 2006 I was asked to organise new field work on the Island of Korcula. 

Initial preparations started in November 2006 and lasted until March 2007, when the 

fieldwork started. The fieldwork in Korcula lasted until December 2007. On 

completion of this stage, the project then moved to Split, where it is still ongoing, 

and I am still involved in the management and quality control of the fieldwork.  

To summarise, an overview of my activities in relation to this research 

includes participation in the preparation of the first stage of fieldwork (Vis Island), 

carrying out fieldwork in Vis (measuring cardiovascular traits, including blood 

pressure and ankle-brachial pressure index), Lastovo and Mljet islands, 

organisational activities in Vis, data entry and genealogy reconstruction. In the 

second stage of fieldwork (Korcula Island) I was responsible for purchasing 

equipment and transporting it to Croatia, preparing fieldwork, recruiting 

fieldworkers, inviting examinees, communicating with the local community, 

managing and overseeing fieldwork, delivering test results to examinees and all other 

aspects related to fieldwork in Korcula during a period of over 7 months. 

Additionally, I performed data entry and genealogy reconstruction and basic data 

analyses. For this Thesis, I performed all of the statistical analyses and wrote the first 

draft which was later revised by Harry Campbell and Igor Rudan, who provided 

valuable input and helped in making this draft become a Thesis.  

Lastly, two persons need to be mentioned, Sara and Ivana. While Sara was 

kind enough to occasionally let me work on this material during her short nap times, 

she nevertheless provided a constant inspiration to move on. Ivana on the other hand 

provided invaluable help in many aspects, including planning and working, as well 

as providing constant support in this entire line of work. Therefore, I dedicate this 

Thesis to the two of them.  

Thank you.  
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GLOSSARY 

Admixture    The mixture of two genetically distinct populations 

Autozygosity  Special occasion in which a homozygous locus holds 

two copies of the allele transmitted to the individual 

from the same ancestor  

Consanguinity See Inbreeding 

Complex trait  Any of the traits or group of traits that are influenced 

by many genetic variants and other environmental 

factors, and potentially influenced or modified by the 

interaction between genes and the environment 

Endogamy Measure of the amount of marriages practised within 

the investigated group 

Fitness Probability of reproducing (producing offspring and 

contributing to the next generation) 

Fluctuating asymmetry The difference in the quantitative trait properties 

between the left and the right side of the body (syn. 

developmental instability) 

Genetic drift Changes in allele frequencies in small and isolated 

populations due to chance  

Heterosis Increased individual or population trait mean as the 

result of increased genome-wide heterozygosity (syn. 

hybrid vigour, heterozygote advantage) 

Heterozygosity-fitness  

correlation 

 

Correlation between individual genome-wide 

heterozygosity and the investigated trait (usually 

performed on fitness-related traits) 

Heterozygote advantage See Heterosis 

Hybrid vigour See Heterosis 

Identity by descent Inheritance of both alleles of a single locus from the 

same ancestor (autozygous locus) 

Identity by state  The occurrence of the two same alleles in a single 

locus (homozygous locus) 

Inbreeding  Mating or marriage between two organisms that are 

genetically related 



 x

Inbreeding coefficient The probability that both copies of an allele are 

inherited from a common ancestor (identical by 

descent) 

Inbreeding depression Decreased individual and population trait mean as a 

result of decreased genome-wide heterozygosity  

Individual genome-wide 

heterozygosity 

Individual characteristic measuring the amount of 

heterozygous loci in the genome 

 Isolate break-up Process of gradual movement of people from a 

traditional tribal group into urban areas, resulting in 

marriage outside the traditional tribal group 

Linkage disequilibrium Non-random association of alleles in the population 

M0.1 MASEL r
2
≤0.1 SNP marker selection 

M0.05 MASEL r
2
≤0.05 SNP marker selection 

Mendelian disease Disease that rises as a consequence of single gene 

alteration (mutation) 

Parental relatedness The measure of the genetic relatedness between the 

two parents of an investigated individual 

SNP  Single nucleotide polymorphism, DNA marker type 

STR  Short tandem repeat DNA (microsatellite DNA) , DNA 

marker type 
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1. INTRODUCTION 

1.1. Prologue 

The search for the genetic background of human diseases has a long history. 

Ever since its beginnings, healers and physicians have often noticed that some 

diseases occurred more commonly within families than in the general population. The 

first real advance in this area was made possible after Mendel’s crossing experiments,  

leading us to the concept of inheritance and the possibility of predicting the outcome 

of crossing and the development of concepts such as inheritance information 

transmission and genes (1). His theory and the experimental results that followed 

relied on single gene complementation and interaction between alleles in description 

of phenotypic changes, thus labelling this line of research as “single-gene”, 

“monogenic” or “Mendelian” genetics (1). Soon thereafter, another line of research in 

genetics, led by Galton and the biometricians, suggested that the majority of variation 

in traits will be more complex and multifactorial and that Mendelian segregation is 

not only irrelevant for continuous traits but also inadequate to explain observed 

correlations between relatives (1). The dispute was settled by Ronald Aymler Fisher, 

who was the first person to merge the two opposing theories into a model of multiple 

factor inheritance that is still considered relevant today (1).  

Despite these advances, medical genetics was mostly dealing with monogenic 

disease of clinical significance. Most of this research was into early-onset diseases 

and various genetic syndromes, resulting in descriptions of over 10,000 known human 

monogenic diseases (2, 3). Despite the large number of genetic diseases that were 

being described, for most of them we were only able to find genetic markers that 

could be used to predict or diagnose the disease, whilst treatment options were 

supportive, limited or non-existent. Towards the end of the 20
th

 century, the impact of 

genetics on medicine accelerated. Advances in the field of laboratory diagnostics and 

the manipulation of laboratory organisms allowed the development of the “gene 

therapy” concept, where a gene can be introduced into an organism in which it is 

lacking, thus used as the treatment option. 

The real advance in human genetics was made by the completion of the 

Human Genome Project, which aimed to sequence and describe the complete human 

genetic structure. Project goals were to identify all of the approximately 20,000-
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25,000 genes in human DNA, determine the sequences of the 3 billion chemical base 

pairs that make up human DNA, store this information in publicly available and 

searchable databases, improve tools for data analysis, transfer related technologies to 

the private sector and address the ethical, legal and social issues (ELSI) that may arise 

from the project (4). The project was initiated in 1990 and completed in 2003. By the 

completion of the project a completely new era in human genetics was announced – 

the post-genomic era. There were expectations that we should become able to 

diagnose, predict and tackle not only genetic diseases, but also predict how our genes 

would interact with the environment in which we live. The concept of “personalized 

medicine” seemed closer, where treatment options would be adjusted to an individual 

genetic profile in order to achieve better and faster treatment with fewer side effects. 

However, advances in our understanding of genetics, the way in which our genome 

works and application of these results in medicine have been slower than expected, 

mainly due to the large complexity of our genome (5). Although large number of 

candidate genes were identified, most of them contributed very small effects to the 

traits or diseases that were investigated (1). Additionally, a fair proportion of the 

markers that were associated with various traits and diseases were actually false 

positives, prompting the need for larger samples and confirmation in other 

populations through replication (6, 7). Throughout, these efforts focused on 

associating individual genetic variants with diseases, largely neglecting other 

properties, such as individual genome-wide heterozygosity. This is a property of each 

organism and it describes the proportion of heterozygous loci in its genetic material. 

A methodological extension of this definition and the combination with population 

based information defines the genome-wide heterozygosity as the measure of an 

individual’s genome heterozygosity deviation from the expected population mean 

heterozygosity, thus offering better properties of the measure and providing more 

reliable, population-adjusted estimates. The main interest for this property is related to 

the potential beneficial effects of increased heterozygosity on human health and 

conversely, potential detrimental effects in cases of reduced heterozygosity. Detailed 

understanding of this feature may shed additional light on genome structure, 

organization and the way in which traits and diseases are affected by our genes. 
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1.2. Background 

Improved properties of hybrids of the same species were implicated ever since 

Darwin’s pioneering crossings of a plant Linaria vulgaris (8). In a series of crossing 

experiments Darwin concluded that cross-fertilisation is generally beneficial and self-

fertilization injurious (8). In another plant species, Ipomena purpura, Darwin 

described a number of deleterious effects that he associated with self-fertilization; 

namely fewer seed capsules, fewer seeds per capsule and shorter seedlings (8). He 

also noted that selfed progeny suffered reductions in performance at almost every 

stage of growth (9).  

The subsequent research of crosses, hybrids and breeding lines by other 

scientists was divided in two main streams: investigations of inbreeding depression 

and heterosis (also termed hybrid vigour or heterozygote advantage). Inbreeding 

depression is defined as the (generally harmful) reduction of the phenotypic trait or 

overall fitness that occurs as a consequence of inbreeding or consanguinity. It is either 

measured in an individual organism or in a population as a whole (10). In contrast, 

heterosis is the opposite of inbreeding depression and describes an increase in the 

phenotypic trait or overall fitness (that is one general beneficial), which occurs as a 

consequence of outbreeding of an individual (breeding of genetically heterogeneous 

organisms of the same species), or at the population level (1, 11). Today, we believe 

that both heterosis and inbreeding depression are outcomes that are determined at the 

level of the individual’s phenotype (or population mean value of the phenotype) and 

are caused by changes in the individual genome-wide heterozygosity spectrum (or an 

increased proportion of heterozygotes in the population), with five possible theoretical 

outcomes, including the situation in which changes in genome-wide heterozygosity do 

not affect phenotype (Figure 1.1). 
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Figure 1.1: Theoretical phenotypic outcomes resulting from changes in 
individual genome-wide heterozygosity levels 
 

 

1.2.1. Inbreeding depression 

Changes in the level of individual genome-wide heterozygosity (IGWH) that 

have been most commonly described are those of inbreeding depression. A 

comprehensive review of this research area indicates that inbreeding negatively 

affects a large number of traits in animals, such as survival, reproductive success, 

resistance to parasites and predation (10, 12). The effects of inbreeding depression 

seem to be mostly expressed in traits that are associated with fitness (the definition of 

fitness may vary substantially, but one of the most commonly used is that it denotes 

the offspring contribution to the next generation) (11). Due to the strong detrimental 

effects that were especially expressed in fitness-associated traits, inbreeding is 

considered to be one of the stronger evolutionary forces (12-14).  

One of the main lines of research where inbreeding has received a lot of 

attention is in animal and plant conservation genetics, primarily as the genetic risks 

mediated through inbreeding and reduced genetic heterogeneity may lead to the 

extinction of small and isolated populations (15-17). Furthermore, the effects of 

inbreeding depression are magnified in unfavourable and stressful environmental 
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conditions (10, 17-20). In fact, laboratory population models indicated rapid 

population extinction rates due to synergistic interaction between inbreeding and 

declining population size (21). This has been further supported in studies of wild 

populations, where song sparrows that were more inbred died at much higher rates 

during severe storms than outbred birds (20). Another line of evidence comes from 

studies on mammals, where inbred Soay island sheep from the St Kilda archipelago 

were shown to have higher intestinal nematode rates than outbred ones (22). Inbred 

sheep with more parasites had lower over-winter survival, suggesting that inbreeding 

had caused higher rates of parasite-mediated deaths in that population (22). The 

release of captive bred butterflies indicated yet another important finding in the 

interaction between inbreeding and the environment. The mating success of inbred 

butterflies was greatly reduced when they were released from captivity, suggesting 

that captivity may mask the true effects of inbreeding and that these may be even 

stronger in wild populations (23, 24). Not only do inbred organisms tend to show 

poorer fitness and survival, but they are also more likely to experience fluctuating 

asymmetry (FA) or developmental instability, resulting in unequally developed sides 

of an organism (25, 26). This finding has been described in various animal species, 

although both the correlation of heterozygosity and fluctuating asymmetry and the 

significance of FA itself were low, suggesting that these effects were generally very 

weak (26, 27). 

According to the underlying mechanism, three types of inbreeding were 

defined (10): pedigree inbreeding, inbreeding as non-random mating and inbreeding 

in the situation of population subdivision. All three have important evolutionary 

consequences as they tend to produce different biological consequences (10). 

Pedigree inbreeding occurs as the result of close relative mating, meaning that two 

homologous genes in an individual are derived from the same gene in a common 

ancestor. This type of inbreeding is the most commonly investigated and it is 

calculated from pedigree information. Inbreeding as non-random mating refers to the 

degree of relatedness between parents, meaning that the individual will be considered 

to be inbred if its parents were more closely related than any two randomly selected 

individuals (10). Parental relatedness estimates are usually produced by the genetic 

markers approach, which is becoming increasingly prevalent in inbreeding studies. 

Finally, inbreeding may occur as a consequence of population subdivision. In this 
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situation inbreeding will occur as population size and consequently mate choice is 

limited, even if mate selection within a given population is completely random. This 

type of inbreeding can be estimated from both genealogical and genetic data.  

It is also possible to classify inbreeding according to the time when it 

occurred. Two types are recognized – slow, cryptic or old inbreeding (a consequence 

of inbreeding events deeper in the pedigree, less deleterious) and close, fast or new 

inbreeding (a consequence of inbreeding events within the last few generations, more 

deleterious) (28).  

The main problem related to inbreeding is linked to difficulties in detecting 

and quantifying it (29). This is primarily due to the fact that any inbreeding estimate 

must be made in comparison to the referent population (meaning that comparisons 

with other populations will be limited). Secondly, it is sometimes difficult to even 

define the population of interest due to various demographic and population genetic 

events such as migration, overlapping generations and unequal gender balance in the 

population (11). Furthermore, the amount and intensity of inbreeding depression may 

not have the same effect at different stages of life, as has been reported for sparrows 

(30). All these facts lead some researchers to two extreme conclusions: either that the 

available data largely underestimate true inbreeding values in wild populations (13), 

or that the significance or even the very existence of inbreeding and inbreeding 

depression is questionable (31).  

 

1.2.2. Inbreeding vigour 

Another theoretical possibility related to changes in individual genome-wide 

heterozygosity (IGWH) is the existence of inbreeding vigour, an increase in the trait 

mean with decreased values of IGWH. Several possible mechanisms may contribute 

to this. Firstly, the higher variance that is sometimes expressed in inbred organisms 

may increase the possibility that at least some of them would show an increase in the 

trait mean (11, 32), which is also associated with fluctuating asymmetry (25). Another 

possible mechanism would be that highly inbred lines would experience genetic 

purging, a mechanism in which deleterious recessive genes that were accumulated 

over many generations were exposed by inbreeding and removed from the population 

(11). However, animal and plant studies have suggested that the degree of purging is 
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questionable (15), of limited extent (10) and that it may only be prevalent among 

plants (9).  

One line of evidence suggests that in some animals inbreeding and mating of 

close kin animals may be beneficial for offspring fitness, especially if close kin share 

some behavioural patterns (33). Mating of closely related cichlid fish resulted in 

higher levels of cooperation and overall higher survival of offspring than that 

observed in outbreeding pairs, thus suggesting that inbreeding is not necessarily 

associated with poor offspring survival (33). A recent study has gone a step further, 

developing a framework for the potentially beneficial effects of inbreeding and 

showing that inbreeding avoidance may not be that strict and common (34). One of 

the findings from this study suggests that inbreeding tolerance is most likely to be 

expressed in species which can mate many times during an individual lifetime, but 

mating is limited by mate encounters (34). Furthermore, the same study established 

four reasons why there is a strong mismatch between theory and published data – (i) 

reports of low inbreeding tolerance have over time became the norm, especially in 

animals, (ii) models fail to capture reality, (iii) inbreeding depression is difficult to 

measure precisely and (iv) there are studies which support their theoretical predictions 

that inbreeding does not necessarily always have negative effects on fitness, health 

and survival (34). Nevertheless, the amount of evidence for detrimental effects of 

inbreeding substantially surpasses that for beneficial effects, suggesting that 

inbreeding in general has detrimental effects on fitness, health and survival (10, 12).  

 

1.2.3. Outbreeding depression 

If we then turn to the right side of Figure 1.1, increased heterozygosity has 

also been associated with the reduction of the trait mean, termed outbreeding 

depression or hybrid breakdown. Outbreeding depression has been well documented 

in plants, and to a lesser extent amongst animals (35-41), nevertheless suggesting that 

breeding of distantly related populations may also be harmful. Three mechanisms 

have been implied as underlying reasons for outbreeding depression: underdominance 

(heterozygote disadvantage), disruption of beneficial interactions between loci 

(intrinsic co-adaptation or “coadapted gene complexes”) and disruption of beneficial 

interactions between genes and the environment (extrinsic or local adaptation) (42). 
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One of the main complicating factors is that the consequences of hybridisation can 

change between generations (11). In some cases, fitness decline can be delayed until 

the second or later generations, in which recombination disrupts the original parental 

gene combinations and exposes incompatibilities involving recessive alleles (42). 

Factors that may predict the severity of outbreeding depression include genetic 

distance, population size, lower mutation rate, cross-fertilization and higher 

recombination rate (42). However, outbreeding depression may be difficult to detect 

and more prevalent than thought, as it may be masked by inbreeding depression (12). 

For example, a detailed analysis of the re-introduced Arabian oryx population 

indicated no apparent association of heterozygosity with survival, despite a relatively 

high proportion of substantially inbred animals (24% of the population had inbreeding 

coefficients of 0.125 or higher) (36). However, detailed statistical analysis revealed 

the existence of simultaneous inbreeding and outbreeding depression affecting 

juvenile survival. The authors suggest that there may exist genetically distinct but 

phenotypically cryptic races of the oryx, whose breeding has led to outbreeding 

depression (36). This and some other studies have suggested that outbreeding 

depression may be more widespread in animals and especially vertebrates than was 

generally expected (36).  

 

1.2.4. Heterosis  

The remaining theoretical outcome of changes in individual genome-wide 

heterozygosity is an increase in trait mean through outbreeding, termed heterosis, 

heterozygote advantage or hybrid vigour. It is widely used in animal and plant 

breeding, where it has been labelled as the ‘single greatest applied achievement in the 

discipline of genetics’ (43). Initial reports for the positive effects of hybridisation 

came from the observations of naturally occurring hybrids. An extensive field survey 

of freshwater snail Melanoides tuberculata from Martinique suggested that hybrid 

lines between two species outperformed parental organisms in growth, fecundity and 

juvenile size (44). Similar results were recorded in plants, where highly invasive alga 

Caulerpa racemosa from the Mediterranean has been shown to be a hybrid (45). 

Besides invasive growth and resistance, the hybrid algal variety has also shown higher 
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tolerance for cold water than the original taxon, suggesting that this may be one of the 

heterotic effects (45). 

Several different phenomena have been termed heterosis and they can also be 

applied on the effects on phenotype at both the individual and the population level and 

at both a single gene and a genome-wide level. At the level of an individual, heterosis 

could mean increased heterozygosity in the genotype (single gene or genome-wide) 

relative to the referent population. It could also refer to the improved phenotypic 

characteristics (single or many phenotypes) as a consequence of such genotype. 

Finally, it could mean the improved survival probability of an individual due to such 

improved phenotype(s). Similarly, at the level of the population, heterosis could imply 

an increased proportion of heterozygotes in comparison to the previous generation, or 

an increased population mean of a phenotype of interest. From a narrow 

epidemiological perspective, heterosis is usually referred to as the correlation of the 

increased genome-wide heterozygosity level with a fitness-related trait and not a 

causal relationship between genotype and fitness (46). However, regardless of the 

definition, the main concept of heterosis is that increased individual or population 

heterozygosity improves phenotypic characteristics and likelihood of survival in 

living organisms. 

Heterosis is often seen in the F1 generation, only to be dissolved in the F2 

generation (11). The poorer F2 performance could be caused by the recombination 

that disrupts the original parental gene combinations and exposes incompatibilities 

involving recessive alleles (42), or simply by the regression to the population mean 

after maximising heterozygosity in F1. This suggests that both heterosis and 

outbreeding depression may occur in the same breeding line, with heterosis occurring 

in the F1 generation and outbreeding depression occurring in the F2 generation (47). 

The second important premise is the uncertainty in predicting the hybridisation 

outcome, as the fitness of hybrids between isolated populations varies widely (13, 48). 

Heterosis is most commonly observed in the mating of two previously unrelated 

populations, which drifted away from each other over the course of time with few 

remaining variants shared. This situation is usually seen in geographically distant 

small and isolated populations, especially if they were exposed to certain levels of 

inbreeding. However, the uncertainty in prediction of possible effects of heterosis in 

F1 may imply that heterosis is either a rather weak mechanism, or that it may not be 
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common to all species given the differences in their environmental selective pressures 

(46).  

The similarity and concordance in the observed positive effects of heterosis 

and negative effects of inbreeding over a large number of species and traits prompts 

the hypothesis that heterosis is simply the reverse of inbreeding depression (11, 13). 

This further implies that the traits that have decreased by inbreeding can be recovered 

by means of crossing (49). This viewpoint could not be entirely confirmed in several 

studies, suggesting that heterosis may involve different or more complex molecular 

mechanisms than the opposite of inbreeding depression (48, 50-52). 

 

1.3. Measuring autozygosity, homozygosity and heterozygosity 

The central element of heterozygosity studies is the estimation of an 

individual’s genome-wide autozygosity (identity by descent), homozygosity (identity 

by state) or heterozygosity (IGWH). These estimates can be obtained on two main 

principles - by estimating inbreeding coefficients from pedigrees and by estimating 

heterozygosity from genetic marker data.  

 

1.3.1. Pedigree-based estimates 

The first, pedigree-based approach relies on Wright’s inbreeding coefficient, f, 

which is defined as the probability that two alleles in the organism are identical by 

descent, meaning that both are derived from the same gene in a common ancestor 

(10). This method suggests that a parent may transmit an allele with a 50% probability 

to one of his offspring and with 25% probability to transmit the same allele to two of 

his offspring. Mating of two of his offspring will produce an F2 offspring, which will 

have a 12.5% probability to inherit two copies of an allele from a common ancestor. 

Therefore, an F2 offspring has 12.5% probability to receive allele pair that is identical 

by descent, or it is said to be 12.5% inbred. 

An extension of this simple model suggests that inbreeding can be calculated 

from the number of paths in the pedigree, in the fashion of: 
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where nl refers to the number of people in the loop from one parent and back to 

another and fa is the inbreeding coefficient of the common ancestor. The inbreeding 

coefficient of the full sibs’ children will be 1/4, while f for half-sibs will be 1/8. The 

inbreeding coefficient of the offspring of first cousins will be 1/16. One important 

distinction is that inbreeding is a consequence of the number of common ancestors 

and the path leading to them. The direct consequence of this is that mating of two 

highly inbred organisms that share only a small portion of genes by descent will 

produce little or no inbreeding. There is one more important issue to be noted here. 

Equation 1 involves another item, fa, which denotes the inbreeding coefficient of the 

common ancestor. This item is very important for events that might have happened 

deeper in an individual’s pedigree. This means that any pedigree-based inbreeding 

estimate will lack a certain amount of precision due to its inability to infer the 

inbreeding coefficients of the eldest elements of the genealogy, which are (at least in 

humans) by definition more likely to be inbred because of known higher rates of 

inbreeding in ancient human populations (53-56).  

Pedigree-based inbreeding coefficients were for a long time the only way in 

which we could infer inbreeding coefficients and heterozygosity. Their main 

shortcoming is data accessibility and reliability. In animals, it has been shown that 

some species are quite often engaged in extra-pair fertilizations, resulting in unknown 

genetic contributions (20, 57, 58). Even among humans, where genealogies are 

largely known, false-paternal rates may be relatively high depending on the cultural 

context and the population from which the estimates are being made and ranging from 

0.8-30.0% (59). False paternity rates varied depending on a number of factors, 

including younger age at conception, various forms of deprivation, the existence of 

long-term relationships other than marriages and membership in special cultural sub-

groups (59).  

Even in situations where genealogical information is reliable and completely 

correct, a large amount of stochastic variation is present and makes pedigree-based 

estimates imprecise (11). For example, progeny of first cousins will have an 
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inbreeding coefficient of 0.0625 with a standard deviation of 0.0243 (60). The direct 

consequence of these problems as related to estimating inbreeding from pedigrees has 

been two-fold: the development of more robust genealogy-based estimation methods 

and the development of methods that rely on genetic marker data rather than 

genealogies. Genealogies are, in practice, also often incomplete and imprecise. It has 

been suggested that even quite recent genealogic information of four generations can 

be used as the source of information for inbreeding estimation (61). The method can 

be used even more robustly, in a way that only grandparental genealogic information 

is used. Two such measures were developed; the first one relies on grandparental 

place of birth and classifies individuals according to this information (62), while the 

other termed “personal genetic history” uses genealogy information to classify 

individuals in population genetic proxy groups. The most common groups include 

“likely inbred”, “endogamous”, “admixed” or “outbred” (63, 64).  

 

1.3.2. Genetic marker based heterozygosity estimates 

The second way of estimating IGWH is based on biological markers. This 

approach is based on a presumption that variation at neutral loci might predict genetic 

heterogeneity, as has been confirmed in some model simulations (65, 66). 

Historically, the first way to define groupings according to biological markers was to 

use blood groups or the ability to taste phenylthiocarbamide (67). During the 1960s 

advances in electrophoretic methodology meant that several new types of markers 

were available – polymorphisms of blood markers from samples of blood and even 

the HLA system were developed (67). At the same time, the discovery of allozymes 

(68) caused the establishment of new marker types for heterozygosity estimation. 

Allozymes are essentially enzymes that differ in electrophoretic mobility as a result of 

allelic differences in a single gene and therefore allozymes were used as an indication 

of simple Mendelian genetic variation (1). Allozymes are known from various 

species, meaning that they are a great source of information for heterozygosity-fitness 

correlations (46). The organisms that were under analysis most commonly included 

laboratory or wild vertebrates, plants and marine molluscs (46). One of the main 

limitations of protein electrophoresis and allozyme methods is that they can detect 
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only those polymorphisms that are in coding sequence and result in one of the amino 

acids being replaced with another one in the protein (1). 

Ever since the 1980s, DNA-based polymorphisms became the most frequently 

used type of markers (67). Among the first were restriction fragment length 

polymorphisms (RFLPs), based on the digestion of DNA with restriction enzymes 

that are highly specific for the DNA sequence (1). Because the cleavage sites are 

highly specific, digestion of the DNA with restriction enzymes produces fragments of 

different sizes, which are then separated by means of electrophoresis (1). The main 

force for variation in this marker type is mutation, which alters the splicing site and 

causes different fragment sizes that are detected as the polymorphism (67). 

Minisatelites, or variable number of tandem repeat (VNTR) markers were also 

becoming popular (67), but neither these nor RFLPs were used extensively in 

heterozygosity estimation. From 1989, the predominant marker type was the short 

tandem repeat marker (STR), also called simple sequence repeats (SSR) or 

microsatellites (69, 70). Their main advantage is very high polymorphism information 

content and linkage information content (67). Furthermore, they require only a small 

quantity of DNA and with the invention of the polymerase chain reaction and 

methods of DNA amplification they can be typed without any need for probes (67). 

During the 1990s about 10,000 STR were identified in humans and a large number of 

genes were mapped using them (67).  

Finally, the most useful marker type in contemporary genetics is the single-

nucleotide polymorphism (SNP). This is essentially a type of diallelic RFLP marker, 

which involves a transition or transversion, or an insertion/deletion in a single 

nucleotide (67). SNPs are very abundant in the human genome, which is thought to 

contain one SNP every 300 base pairs, or over 10 million SNPs genome-wide (1). 

More than 4 million SNPs have been identified (1). The main SNP advantage over all 

other types of markers is their abundance and good cost-benefit ratio, meaning that a 

large quantity of information can be gained with a relatively low cost of genotyping. 

At the population-based level, SNPs are bi-allelic markers with one major and one 

minor allele. Minor allele frequencies usually vary from 0.01 to 0.2, meaning that the 

average heterozygosity of SNP estimates will be lower than those of microsatellites 

(71). The main disadvantage of SNPs is that they have low polymorphism information 
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content and linkage information content, making them perhaps less useful for genetic 

studies into human inbreeding and outbreeding than microsatellites (71).  

Several ways of measuring IGWH from genetic markers were developed, 

broadly falling into one of the two groups: either measuring identity-by-state (IBS; 

also termed homozygosity) or identity-by-descent (IBD; also termed autozygosity) 

estimates, or approaches which calculate IGWH in a single- vs. multipoint way.  

One of the simplest measures is the multilocus heterozygosity (MLH), defined 

as the proportion of typed loci for which an individual is heterozygous. This measure 

is also sometimes called heterozygosity (22, 29), or the mean observed heterozygosity 

(72). The main advantage of this measure is an easy calculation method, which is 

insensitive to population-based allele frequencies (as the MLH is calculated from 

individual data only). The MLH thus provides a true estimate of IBS (identity-by-

state) for that marker set and does not provide information on the amount of IBD 

(identity-by-descent) in an individual’s genome (unless IBS and IBD are strongly 

correlated). This has been confirmed in a number of studies, which all suggested that 

MLH was not correlated with pedigree-based inbreeding coefficients (60, 73). 

Standardized multilocus heterozygosity (sMLH) is an extension of MLH, defined as 

the ratio of the heterozygosity of an individual to the mean heterozygosity of those 

loci at which the individual was typed (22). This method is a logical improvement on 

multilocus heterozygosity (74), as it manages to avoid potential bias that may be 

introduced by individuals being untyped at particular loci (22). Therefore, sMLH will 

measure the deviation of the individual from the population-based mean MLH, where 

the sMLH value is similar to MLH, but on a different scale (average sMLH will be 

1.0, meaning that the individual is a representative unit of the study population).  

 

The second group of methods is based on marker data that require the use of 

population-based allele frequencies and aim to detect a portion of IBD loci. This 

group consists of three commonly used methods – internal relatedness (75), PLINK 

genomic inbreeding (76) and the marker homozygosity approach (60).  
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Internal relatedness (IR) is a derived measure, defined as:  
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where H is the number of genotyped homozygous loci, N is the total number of 

genotyped loci and fi is the frequency of the ith allele contained in the genotype (75). 

While MLH and sMLH both describe heterozygosity (i.e. higher values denote more 

heterozygous organisms), internal relatedness is negatively correlated to these two 

measures (i.e. higher values of internal relatedness denote a less heterozygous 

organism). Despite the inverse relationship, correlation between sMLH and IR is high 

across a range of species (75). However, IR is theoretically more informative, since it 

weights allele-sharing by the frequencies of those alleles (74) and allows that rare 

allele homozygotes are given more weight than common allele homozygotes (75). 

This expectation is supported by studies in which direct comparisons have been made 

between IR and sMLH, which show that significant relationships between parental 

relatedness and fitness tend to be stronger when IR rather than sMLH is used as the 

measure (75). One of the disadvantages of IR is that it requires the calculation of 

allele frequencies and it is not entirely clear whether these should be based on the 

entire sample set or for example, a subset of interest such as e.g. founders or specific 

sub-population groups (74). Due to this disadvantage, the validity of this approach in 

the current form has recently been questioned, suggesting that it may underestimate 

the heterozygosity of individuals carrying rare alleles and that descendants of 

immigrants paired with natives (normally more outbred) bearing novel or rare alleles 

would be considered more homozygous than descendants of native parents (77).  

A second measure that has been developed in human genetics and 

predominantly for SNP markers is the genomic inbreeding coefficient implemented in 

the PLINK software (FPLINK) (76). The approach is based on the notion that for each 

SNP with known allele frequencies p and q, the probability that individual i is 

homozygous equals fi + (1 - fi)(p2 + q2) or the probability of being autozygous 

(homozygous by descent) (fi) plus the probability of being homozygous by chance. If 

individual i has Li genotyped autosomal SNPs, Oi denotes the number of observed 
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homozygous loci and Ei denotes the number expected by chance, which can be 

expressed:  
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Furthermore, when allele frequencies are unknown but estimated from the sample, an 

unbiased estimator of Ei is based on the sum over all non-missing SNPs for the 

individual. This method is quite similar to IR, as it relies on the genome-wide 

expected heterozygosity for the calculation of the individual inbreeding coefficient 

(76).  

 Thirdly, another approach to calculate genomic inbreeding coefficient (FADC) 

is a method that uses locus-based diversity approach to measure an individual’s 

genome-wide heterozygosity. This method has been developed in 47 samples from 

Croatian island isolates and supplemental samples from Scotland. Pedigree-based 

inbreeding coefficients were used in the method development and validation, which 

was performed in both STR and SNP marker types. The formula for this defines α, as 

αk=1 if locus k is homozygous; if locus k is heterozygous αk=1-1/Hk, where Hk is 

heterozygosity, defined as the Hk=1-Σpkl
2
 (pkl is the frequency of allele l at locus k). 

Finally, individual FADC is calculated as the mean of all α per chromosome or the 

entire genome (60).  

 ∑=
k

kADCF α
 [Eq 4] 

 

A logical extension of this method is that for low values of FADC, weighting each 

locus by the inverse of its variance may produce slightly more efficient estimates (60).  
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Four different measures based on FADC were developed – unweighted, weighted, 

relative and standard error. Relative heterozygosity was defined as the ratio of the 

excess over expected heterozygosity, based on the weighted measure (78). 

Additionally, this measure defines standard errors of the estimate (FADCSE), which 

can later be used in the measure precision analysis. The formula for the FADCSE is 

defined as the square root of the estimation of variance, which is defined as:  
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or in the rewritten form of the equation, variance (adjusted to the averaging of the 

chromosome-based estimates) becomes:  
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where C is the number of autosomal chromosomes for which the measure is being 

calculated, while the M is the total number of markers used in the analysis (60). 

The comparison between FPLINK and FADC suggests a large extent of similarity 

between them, where the weighted FADC approach may actually be the only difference 

in the re-written form of the equations (79).  

All described methods so far are based on a single-marker approach in the 

IGWH estimation. While this approach may have its advantages, it also produces a 

limited amount of information for IBD estimation. An approach using information 

from more markers simultaneously could therefore provide better estimates of IGWH. 

If we assume that marker k has only two possible states – either two alleles IBD or 

two alleles non-IBD, then we can approximate the IBD process along the genome 

using a Markov chain (80). With the Markov approximation, the IBD status of the 

locus k will depend only on the IBD status of the adjacent loci. In the final stages, the 

Baum algorithm has been used to provide FEstim estimates, which are the proportion 

of the individual genome that is IBD (80). A simulation comparison of FPLINK, FADC 
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and FEstim suggests that FEstim was the closest to true IBD, meaning that FEstim 

might provide the best estimates among the methods that were compared (79). 

However, the FEstim method is sensitive to large errors in populations with increased 

LD, as it uses the information from adjacent markers in order to estimate the 

inbreeding coefficient. Therefore, any estimation of FEstim has to be made using a 

dataset from which LD has been removed in some way (79).  

Finally, one method that is no longer being widely used also deserves a 

mention - allelic distance or mean d
2
 (d

2
) (81, 82). This measure is defined as the 

squared difference in repeat units between the two alleles at a locus, averaged over all 

loci at which an individual was typed (83).  
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Mean d
2
 estimates homozygosity in microsatellites that have only several alleles, so 

that the contribution of homozygosity may be swamped by the contribution of allele 

length variation (83). As a consequence, d
2
 is expected to reflect events deeper in the 

pedigree than multilocus heterozygosity (83). However, several papers (75, 81, 84), 

including a meta-analysis of both published and unpublished studies (29), suggest that 

d
2
 is unlikely to be as effective as MLH, except in unusual circumstances such as the 

recent mixing of two dissimilar populations and very high mutation rates (74, 81), 

where it may provide better estimation than IR (85). As a consequence of the 

problems related to use of the mean d
2
, two additional measures have been developed: 

standardized and restricted mean d
2
. Standardized mean d

2
 (sd

2
) is calculated 

similarly to mean d
2
, but d

2
 at each locus is scaled by the variance in d

2
 at that locus 

before summing across loci. Standardizing d
2
 in this way is believed to reduce the 

influence of highly polymorphic loci on the overall measure (84). Comparison of d
2
 

and sd
2
 yielded different results, with d

2
 exhibiting a significant association with red 

deer survival, but without the same association for sd
2
 (86). Another study indicated 

that the use of standardized measures explained more trait variation (87). Restricted 

mean d
2
 (rd

2
) is calculated from the data with excluded loci that exhibited an interval 

of 20 base pairs or more between consecutive alleles (88).  
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 There are two main problems in comparison of results from genetic markers 

with those made on the basis of genealogical records. Firstly, it has been shown in a 

number of studies that the correlations between simple multilocus heterozygosity 

(MLH) and genealogy-based inbreeding coefficient were low, usually not reaching 

more than ten percent (61) and in extreme cases being as high as 0.52 in a tiny 

population size (89). Secondly, there is another line of evidence that suggests that the 

genealogical and marker-based heterozygosity estimates are not correlated – marker-

based estimates among siblings vary substantially, when they should have the same 

genealogy-based inbreeding coefficients (73).  

Comparison of various heterozygosity estimation methods suggests that IBD 

methods are the predominant ones, especially those that are based on single 

marker/locus information (Table 1.1). Although IBD methods provide obvious 

advantages over the IBS ones in the information that they convey, the IBD methods 

have a substantial flaw – the need to estimate the allele frequencies. The values of any 

of the IBD methods will strongly depend on the allele frequencies in the referent 

population from which these frequencies will be calculated. This will be especially 

strongly expressed in situations which include small numbers of genotyped markers, 

where allele frequencies are best estimated from the founders of isolated populations 

(79). An additional possibility is to use a standardized allele frequency approach, by 

using the allele frequency of e.g. HGDP (Human Genome Diversity Project) (90) or 

HapMap CEU founders (91).  

There is another problem related to the allele frequency estimation, which is 

sometimes referred to as sample “contamination” (76). Each isolated population has a 

set of alleles that are transmitted among its members. However, if immigrants are 

introduced, they may bring rare alleles of their own (92). Therefore the application of 

any methods that use an IBD approach (and give more weight to homozygous 

individuals at rare alleles) will likely produce overinflated inbreeding estimates for 

immigrants who are homozygous for introduced alleles (74). Comparison of FPLINK, 

FADC and FEstim in two marker sets and a wide range of scenarios indicated that 

FEstim substantially outperformed FPLINK and FADC in estimation of the genomic 

inbreeding coefficient (79).  

A summary of the most commonly used heterozygosity methods and 

approaches is given in Table 1.1.  
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Table 1.1. Summary of the most commonly used approaches in the estimation of individual genome-wide heterozygosity 

Method Marker type Originally developed  Information Number of loci Reference 

Multilocus heterozygosity (MLH) and  
standardized multilocus heterozygosity 
(sMLH) 

STR or SNP Animals and plants IBS Single-point (29, 72) 

Internal relatedness (IR) STR or SNP Animals and plants IBD Single-point (75) 

Genomic inbreeding coefficient (FPLINK) SNP (or STR)  Humans IBD Single-point (76) 

Genomic inbreeding coefficient (FADC) STR (or SNP) Humans IBD Single-point (60) 

Allelic distance (d
2
, sd

2
, rd

2
) STR only Animals and plants IBD Single-point (88) 

Genomic inbreeding coefficient 
estimation (FEstim) and singlepoint 
genomic inbreeding coefficient 
estimation (FEstimSPT) 

STR (or SNP) Humans IBD Multi-point (80) 

STR – short tandem repeats, SNP – single nucleotide polymorphism, IBS – identity by state (homozygosity), IBD – identity by descent (autozygosity).
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1.4. Suggested molecular mechanisms of inbreeding depression and heterosis 

By the end of the 19
th

 century superior properties of outbred organisms were 

termed “heterozygosis”, but by 1914 the term had changed into “heterosis” (93). The 

main reason for this change was to create a term that would be hypothesis-free and 

would not a priori denote a directional change (93). Over time terminology has 

changed, and for nearly a century the origin and underlying mechanism of heterosis 

and inbreeding depression have been a matter of debate and discussion, with 

researchers aiming to describe the true nature and underlying causes for observed 

changes (94).  

Two hypotheses were invoked to explain heterosis and inbreeding depression: 

partial dominance (mutation-selection balance) and overdominance (heterozygote 

advantage). The partial dominance hypothesis assumes that the effects of deleterious 

recessive alleles increase in more homozygous organisms. The central concept of this 

theory is genetic load: the accumulation of mainly harmful and deleterious recessive 

alleles in more inbred organisms. The net phenotypic outcome of this hypothesis 

predicts that the trait mean in the offspring of unrelated parents will exceed the 

parental trait mean value (Figure 1.2). In contrast, the overdominance hypothesis 

assumes that the heterozygous combination of alleles at a single locus is superior to 

either homozygous combination at the same locus. The net result of this hypothesis is 

that the offspring will outperform any parent (Figure 1.2). 

  

 

Figure 1.2: Changes in the offspring F1 generation phenotypic trait under 
partial dominance and overdominance hypotheses. Pa and Pb – parents, F1 – 
offspring, gray – amount of heterosis; based on the Falconer and Mackay 
textbook (11). 
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These two hypotheses have different evolutionary implications (11). The 

partial dominance hypothesis resides on the concept of genetic load. Under this 

hypothesis, a steady and constant mutation rate must exist for maintaining genetic 

variation, as selection continuously removes deleterious alleles from the population 

(mutation-selection balance) (1). A fitness rebound in inbred populations (described 

even by Darwin as Ipomea purpurea “Hero”) was therefore interpreted as support for 

the partial dominance hypothesis (9). This hypothesis allows that genetic load can be 

partitioned in two components – detrimental (those genes that contribute to the 

reduction in fitness and produce inbreeding depression) and lethal (13). There are two 

important conclusions based on the analysis of these two components. Firstly, the 

contribution of the lethal and detrimental components to the genetic load has been 

found to be approximately the same. Secondly, the magnitude of these effects is fairly 

similar across different species, allowing the generalization of results (13).  

In contrast, the overdominance hypothesis does not require mutation at all, as 

selection will favour heterozygotes at multiple loci. The overdominance hypothesis 

has a lot of support from plant genetics, where traits such as crop yield often display 

it, although simultaneous results suggest that the majority of other traits in hybrid 

plants are governed by the partial dominance hypothesis (13). The relative merit of 

these two hypotheses is still a matter of dispute (95, 96), with the majority of studies 

suggesting that partial dominance is more common as the underlying mechanism of 

heterosis in both plants and animals (13) and humans (97). However, dominance and 

overdominance mechanisms may exhibit a complex interplay, even changing from 

one environment to another (97), suggesting that the line between these two 

hypotheses may not be as clear as was initially considered. Finally, it should be noted 

that these two mechanisms are also not mutually exclusive, because overdominance 

may exist at some loci and partial dominance at others (28).  

Both the partial dominance and overdominance hypotheses require a certain 

amount of genetic dominance, suggesting that both inbreeding depression and 

heterosis will be mostly expressed in traits that exhibit a strong dominance variance 

component (1). Estimations of dominance effects are derived from total genetic 

variance, which is defined as the sum of additive, dominance and epistatic variance. 

Additive genetic variance is the measure of the offspring phenotype predictability 

from the parental phenotypes (98). Traits that exhibit a high additive component will 
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show an average trait parental value in offspring. Secondly, epistasis denotes 

interaction between two or more loci and its effects are important in traits that are 

defined by a large number of loci – polygenic traits (99). Epistatic effects are difficult 

to predict, as epistasis disproportionally contributes to variance in fitness traits (99). 

Additionally, epistatic component estimation is usually not feasible in humans (98). 

Finally, the dominance component indicates intra-locus allelic interaction, which will 

result in offspring deviation from the parental mean (1). Human traits that have 

implied non-additive genetic variance components include waist-to-hip ratio (100), 

systolic blood pressure (100, 101), low-density lipoprotein (100), plasminogen 

activator inhibitor-1 (102), age at menarche (103, 104) and serotonin (100, 105). 

Theoretically, traits that have a substantial dominance variance component should 

suffer the strongest effects in inbreeding or have the most substantial improvement in 

outbreeding. However, a recent study has suggested that the majority of variance for 

any complex trait will be additive by nature (106). The authors provide an overview 

of empirical studies across a range of species and establish that the additive 

component usually accounts for over half up to total genetic variance for complex 

traits (106). This is due to the finding that there is little dominant or epistatic gene 

action, which may predominantly be due to extreme distributions in allele frequencies 

(106). Furthermore, they state that a summary analysis of twin data indicates that 

although there are many potential interactions of genes between and within loci, under 

a standard model of neutral mutation a high proportion of additive variance will exist 

regardless of the amount of dominance or epistasis at the individual loci (106). 

Some studies have suggested that the molecular background and the main 

mechanism of heterosis is more complex than that of inbreeding depression. One of 

the possible explanations includes the multiplicative effects model, which takes its 

roots from plant genetics (51). A two-locus diallelic model of arbitrary gene action 

can be used to derive linear parameters for two multiplicative models. If there are 

multiplicative actions between loci, epistatic effects are non-linear functions of one-

locus effects and the mean. With completely multiplicative action, the mean and 

additive effects form similar restrictions for all the rest of the effects. The linear 

parameters are then used to describe heterosis, which is taken as the difference 

between respective averages of offspring and parents. Two components of heterosis 

are distinguished: part I arising from dominance and part II arising from additive x 
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additive (a*a)-epistasis. Heterosis without dominance can arise from multiplicative as 

well as any other non-additive action between loci (51). The model allows that part I 

takes the value of zero, therefore enabling part II to be responsible for heterosis 

effects. This type of heterosis is known to occur in complex features that are the 

products of two or more characters, such as plant height (51). However, as noted by 

the authors, this hypothesis may not be very prevalent due to the extreme rarity of 

dominance that is of negative or zero value (51). 

The results of some recent plant studies suggest that all of the previous 

explanations of the molecular mechanisms of heterosis might be over-simplistic and 

that heterosis might not occur as a simple allele complementation (52). Three 

important issues were invoked (52). Firstly, if heterosis is due to pure allele 

complementation and inbred lines are gradually purging their genetic loads, we should 

expect to see a decline in the amount of heterosis over time. In contrast, we observe a 

slight increase in the magnitude of heterosis over time. The second line of evidence 

comes from tetraploid plants, where heterosis increases with the greater number of 

distinct genomes present. Invoking a simple complementation to explain progressive 

heterosis seems unlikely, as each new step-wise combination of genomes would need 

to supply increasingly superior alleles without introducing deleterious alleles at other 

loci. Finally, inbreeding depression is faster in tetraploid than in diploid organisms 

and it often exhibits a dose effect. Increasing numbers of identical alleles have a 

negative effect on heterosis (52). Regulatory genes show a similar extent of dosage 

response, suggesting that these might be involved in the explanation of heterosis (52). 

In conclusion, it seems that heterosis might also be caused by the changes in gene 

expression in hybrid offspring, by e.g. up-regulation of housekeeping genes. Results 

from several other studies might support this hypothesis, suggesting that inbreeding 

depression and heterosis might be associated with changes in gene expression (107-

110).  
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1.5. Heterozygosity – fitness correlations 

 

Either by using pedigree information or the genetic marker approach, 

heterozygosity estimates can be correlated with a wide range of fitness and metric 

traits – termed heterozygosity-fitness correlation (HFC). HFCs may occur as a 

consequence of at least three different mechanisms (46, 111, 112); a) marker loci may 

affect fitness – a direct effect (generally excluded in microsatellite studies as 

microsatellite DNA present as a non-coding DNA fraction), b) markers may be in 

physical linkage with loci that affect fitness – the local effect and c) heterozygosity at 

marker loci may reflect heterozygosity at unlinked trait loci – general effect. While 

the direct effect is more widely discussed in the theoretical literature, there is a similar 

amount of evidence for local vs. general effects. Evidence in support of the local 

effect may come from a study by Slate and Pemberton (84) in a wild population of red 

deer (Cervus elaphus), in which a few loci contributed more than others to HFCs. The 

local effect may also arise as a consequence of associative overdominance, defined as 

the genetic association between neutral markers and fitness genes (46). This will be of 

special interest in populations that have high levels of linkage disequilibrium, such as 

small and isolated populations (61). Studies on great reed warblers (Acrocephalus 

arundinaceus) also support the local effect hypothesis (113, 114). In contrast, the 

general effect is most commonly invoked as a theoretical explanation of HFCs and 

especially in the case of inbreeding depression. It has been supported by a number of 

studies, notably including a study on mandrills (Mandrillus sphinx) (72). It should be 

noted that the first two mechanisms do not require any level of inbreeding for HFC 

occurrence (112). A critical review by Balloux and colleagues stresses that neither 

local nor general effects provide clear answers, although local effects are perhaps a 

more realistic explanation, especially in small populations with substantial linkage 

disequilibria (61). In such populations, HFCs due to linkage disequilibrium become 

more likely with a reduction in population size (61). 

Meta-analytic studies indicate that HFCs are significantly different from zero, 

generally may be common, but are typically weak (26, 29). The correlation between 

genetic variability and fitness components as reflected by molecular marker 

heterozygosity in natural populations usually accounts for a small percentage (1–5%) 

of the observed phenotypic variance (46). The situation is further complicated by the 
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possibility that these studies are largely produced as an afterthought of results used for 

other purposes (e.g. parental assessment or population genetic structure) (29, 112). 

Indeed, meta-analytic studies suggest the existence of upward publication bias (29), 

with only a handful of studies reporting null results (37, 115, 116). Balloux et al. 

identified three potential biases that could explain why false positive HFCs may arise: 

(i) selection bias, such that samples may be selected in a way that enriches for 

unusually heterozygous organisms, (ii) genetic markers are usually selected to cover a 

wide range of variability, which in turn may select regions that experience balancing 

selection and (iii) publication bias, especially as a substantial number of HFCs have 

been reported in special populations, such as island populations, breeding colonies 

and species with strong polygyny (61). Despite these biases that may produce false 

positive results, false negative results can be obtained if data are transformed (117). 

Transformations of data to obtain statistically correct requirements (e.g. data 

normality) may cause dilution of heterosis if heterotic effects are between the parental 

average and higher parent trait value (117). The same effect may in some cases 

remove even overdominance effects (117). It should also be noted that most of the 

HFCs studies in plants and animals used bivariate statistics only and did not take into 

account sample relatedness, although the majority of studies were done on small and 

isolated population samples. Unless studies were made on laboratory animals and in 

highly controlled environments, this approach is likely to be biased by the possibility 

of a strong confounding variables effect and relatedness among investigated 

individuals (1).  

The main disadvantage of the marker-based HFCs approach in plants and 

animals is the use of small numbers of marker loci, which may not capture much 

information about genome-wide heterozygosity. The direct consequence of this is 

reduced statistical power to detect any heterozygosity effects (10). Due to the small 

number of investigated loci in animal and plant studies, it is also possible that these 

correlations have arisen as a consequence of the chance linkage between markers and 

one or more genes experiencing balancing selection (61). This reflects the central 

problem of HFC studies: meeting the criteria needed to obtain statistically sound 

results, especially the question of power. If we assume that the average effect size for 

HFC is r=0.1, then the minimal sample size to reach α of 0.05 and power of 80% in a 

one-tailed test would be 616 (29); a similar power analysis for measures that have 



 27 

lower HFCs would require even larger sample sizes, with almost 2,500 (29), a 

suggestion that has been raised even for allozyme studies (46). Another study 

suggests that at least 200 loci need to be genotyped and used even in the case of 

extreme inbreeding (61). Notably, very small numbers of animal studies satisfied even 

the sample size criterion, while none complied with both criteria (Figure 1.3).  

 

 

Figure 1.3. Scatterplot of the sample sizes and number of markers used in 
animal studies. Theoretical requirements were derived from the Balloux et al 
2004 (61) and Coltman and Slate 2003 (29).  

 

A recent study in animals discouraged the use of marker-based heterozygosity 

estimates, even in large sample sizes (N=590) with large numbers of typed loci 

(N=138), suggesting that marker-based heterozygosity estimates are in poor 

correlation with pedigree-based inbreeding coefficients (112). Furthermore, this study 

suggested that heterozygosity was not positively correlated between markers more 

often than expected by chance (112). Another study supported this view and 

suggested abandoning the use of genetic marker data in animal and plant genetics and 

turning back to the use of the pedigree-based inbreeding coefficient estimation (73). 

The main problem related to genetic marker use is the precision, with individuals of 

the same pedigree-based inbreeding coefficients having a wide scatter of marker 
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heterozygosity (73). This introduces a noise, which in turn makes marker-based 

heterozygosity estimates a weak instrument for genome-wide heterozygosity 

assessment (73). This indicates that a number of published studies fail properly to 

explain HFCs. Supporting the same idea, Balloux et al. (61) suggested that using a 

pedigree-based f may be more appropriate and that sufficient information may be 

gained based only on five generation pedigree data. Pemberton proposed a hybrid 

model, in which genetic markers might be used to confirm pedigree information, from 

which more reliable f estimates might be calculated (73). Finally, another recent study 

also raised the issue of genome-wide heterozygosity estimation from genetic markers, 

suggesting that even the use of SNPs with 3000 markers will produce modest 

correlations between marker-based and the true inbreeding coefficients (71). The 

results from simulation studies also suggest that SNPs have a substantial advantage 

over microsatellites for at least one part of heterozygosity estimation: the correlation 

between marker-based IGWH estimates and the true inbreeding coefficient depends 

most strongly on the number of markers that were used (71). At the same time it has 

been suggested that this correlation will also be very questionable if the effort 

variable, the ratio of the number of markers to the number of loci in an organism is 

low, suggesting that the correlation between IGWH and the true inbreeding coefficient 

will be lower than 0.01 in most studies with a reasonable number of markers (71). The 

final conclusion of this simulation study suggests that HFCs could be caused by 

factors other than IGWH (71), with haplotype blocks (118) and strong linkage 

disequilibrium sometimes invoked as possible mechanisms (114, 119). 

 

1.5.1. Effects of genome-wide heterozygosity on animal fitness and survival 

To date, an overwhelming amount of evidence on the benefits of increased 

heterozygosity (or the detrimental effects of reduced heterozygosity) has been 

accumulated for both laboratory and wild animal and plant populations (10, 12, 26, 

29, 46). Survival is one of the most frequently reported HFCs, despite the fact that 

investigation of survival in both natural and captive populations is prone to many 

difficulties (120, 121). The beneficial effects of heterozygosity on survival extend 

over a wide range of animal species, from insects (122) and fish (49, 123, 124), to 
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birds (30, 125-129) and mammals (130-133). Heterozygosity was also associated with 

beneficial effects on fitness in fish (49, 134) and amphibians (135). 

A third group of traits that has received a lot of attention in the animal 

literature is related to reproductive success, which has often been associated with 

higher heterozygosity in birds (75) and mammals (75, 87). One study in fish showed 

that inbreeding had a detrimental effect on reproductive performance, measured by 

both changes in courtship behaviour and a reduction in the number of spots, which is 

a sexually selected trait (136).  

Immune responsiveness and parasite resistance in animals has also been 

associated with changes in genome-wide heterozygosity levels. The most commonly 

reported effects include a general reduction of immune responses in inbred organisms 

and an increase in the host’s responsiveness or reduced infection severity in outbred 

ones (137). Studies exhibiting lower viral or cell-mediated resistance in organisms 

with reduced heterozygosity have been described in amphibians (137), birds (138, 

139) and mammals (140, 141). Decreased bacterial resistance with reduced 

heterozygosity was described in fish (142) and also in cases of bovine (143) and 

rabbit (144) tuberculosis infection. One study suggested that the deterioration of the 

European bison population might be related to a decline in immunity related to 

inbreeding (145). Heterozygosity levels seem also to modulate parasite resistance. 

Reduced parasite resistance in less heterozygous organisms has been described in 

birds (146) and mammals (22), although the results from some studies invoke more 

complex interactions between heterozygosity and parasite resistance, providing 

somewhat inconsistent results (147). A detailed study of the cloned crustacean 

Daphnia indicated that the effect of parasitizing may strongly depend on the genetic 

background of the host and that inbreeding can sometimes lead to increased parasite 

resistance (148).  

Not only does reduced heterozygosity appear to affect a number of metrical 

and fitness traits, it can also affect some more complex characters, such as lek 

territory in black grouse (149), sparrow song repertoire (150) and the size of territory 

and song repertoire in other birds (151). However, a detailed study in mandrills 

provided some conflicting results (72). Although heterozygous individuals had greater 

reproductive success measured through greater number of offspring, heterozygosity 

influenced reproductive success only in dominant males, not in subordinates (72). 
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Furthermore, the acquisition of alpha status in males or social rank in females was not 

significantly correlated with heterozygosity, although more heterozygous alpha males 

had longer tenure than homozygous ones (72).  

Nevertheless, a critical examination of this research area immediately raises a 

number of problems. Firstly, all but one study (112) included in this review are 

seriously underpowered, being based on only a handful of genetic markers, despite the 

existence of studies which suggest that thresholds of both marker number and sample 

size must be satisfied. Secondly, most of the studies are analysed using a bivariate 

statistical approach, only correlating traits or fitness with heterozygosity estimates and 

disregarding a large number of possible confounding effects. Thirdly, these studies 

seem to investigate the effects of fitness and survival in closely related animals (either 

through direct links between them or as the consequence of reduced mate choice due 

to isolation). However, very rarely in such studies are data treated as related: they are 

more commonly treated as if individual organisms are completely unrelated, which 

may introduce additional bias. The majority of studies which investigate 

heterozygosity-fitness might actually be substantially biased. Nevertheless, it may still 

be possible that in cases of extreme inbreeding even such underpowered studies may 

indeed convey sufficient information (61); however it seems more likely that such 

situations have occurred as a consequence of positive publication bias despite 

evidence for the existence of heterozygosity-fitness effects (29, 46). 
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1.5.2. Effects of genome-wide heterozygosity on human health 

Changes in heterozygosity levels in humans have been much less frequently 

and thoroughly investigated compared to plants and animals. Most attention has been 

focused on inbreeding, where negative effects have been described for a number of 

traits, mostly early-onset recessively inherited monogenic (Mendelian) diseases, birth 

defects, decreased fertility and early mortality (152-154). In the 1960s and 1970s it 

was quite common for studies performed in isolated African and American tribes to 

report detrimental effects of endogamy, consanguinity and inbreeding. Despite the 

fact that similar studies have been published ever since, we are still far from 

completely understanding the exact mechanism and its consequences as inbreeding 

depression could substantially contribute to disease burden and reduced life 

expectancy suggesting a clear need for further genetic epidemiological research in 

humans (155). 

Analysis of inbreeding coefficients in isolated Indian populations suggests that 

any genotype-based inbreeding coefficient could largely underestimate true 

inbreeding in these highly structured populations (156). The main reason for such a 

conclusion resides in their notion that any genetically based estimate will tend to 

measure the events that were the most proximal and the result of the most recent 

population subdivision or spread (156). One of the suggestions was that any 

inbreeding estimation should include a time component in inbreeding estimates, in 

order to provide more reasonable inbreeding values (156), similar to the idea of the 

inbreeding rate that is sometimes used in animal and plant genetics (28). 

In contrast to the generally beneficial effects of increased heterozygosity on 

human health, reduction in the IGWH is generally associated with poorer health status 

and outcomes. The detrimental effects of inbreeding on human health have long been 

recognized. Accounts of inbreeding have been collected across a wide range of human 

populations, including the ancient Egyptian royal class (54), ancient Greeks (53) and 

Iranians (55), or even some contemporary Asian and African societies where 

consanguineous marriages may have a relatively high prevalence of 30-60% (157-

176). The wide-spread prevalence of inbreeding and consanguinity among those 

societies could be explained by a number of potential mechanisms, including marriage 

preferences, land ownership or other cultural mechanisms which support and tend to 
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facilitate consanguinity (158). Additionally, a comparative study has shown that 

inbreeding events may not be (or have been) rare in both developed contemporary 

primates and some early human populations (56).  

Most of the research related to inbreeding has focused on early onset diseases, 

which have a clear negative effect on child survival (152-154). However, some recent 

studies have indicated that inbreeding could have a strong detrimental effect on late-

onset diseases (155). This is due to several possible factors (155): firstly, the joint 

effect of inbreeding depression on all polygenic quantitative phenotypes that confer 

risk for late-onset diseases is predicted to be multiplicative rather than additive; 

secondly, the concept of genetic load of rare Mendelian variants with large deleterious 

effects in post-reproductive adults is unknown, but could be much greater than 

expected as these variants were invisible to selection through human history; thirdly, 

deleterious effects resulting from autozygosity in hundreds of affected rare recessive 

variants of small effect under the common disease/rare variant (CD/RV) hypothesis 

could result in epistatic effects that could jointly impair capacity to compensate 

against environmental risks; fourthly, heterozygote advantage in loci under balancing 

selection could be reduced by inbreeding and finally, published empirical evidence in 

animals and humans consistently report large inbreeding effects on late-onset traits 

(155).  

However, even this line of research has exceptions, in a sense that several 

studies so far have indicated that inbred humans tend to have more numerous 

offspring (177, 178). This has been confirmed in Icelandic birth records in the 1800-

1965 period, which show that couples related at the level of third and fourth cousins 

had the greatest reproductive success (179). A plethora of possible confounding 

effects may be in place, ranging from the earlier age of more inbred couples, higher 

overall fertility in lower socioeconomic groups where inbreeding is more prevalent, 

shorter birth periods and lower access to reliable methods of contraception (180).  

Sometimes it may be difficult to compare different inbreeding studies, as 

methodological approaches may vary from one study to another, including the 

differences in measuring and estimating inbreeding, to difficulties in comparing the 

results from different methodological approaches and differences in analytic 

approaches. Nevertheless, the accumulated evidence shows a clearly detrimental 
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effect of inbreeding on early onset traits and suggests the same for some late onset 

traits (155). 

In contrast, studies on heterosis were largely absent during the entire second 

half of the 20
th

 century. The direct consequence of this is that there are only a handful 

of studies in humans which investigate the effects of heterosis. A systematic review of 

the literature databases PubMed, Web of Knowledge and EMBASE yielded only a 

total of 30 studies that investigated heterosis in humans, 10 of which were published 

prior to 1980.  

One of the first structured reviews on heterosis in humans was published by 

Penrose in 1955 (181). In this article, Penrose collected and reviewed the evidence for 

heterosis in humans and argued that the “existence of hybrid vigour in men comes 

from both direct and indirect measurements” (181). He proposed a number of 

different study designs and potential populations of interest in which heterosis might 

be investigated. He noted that we may detect heterosis in metrical traits, intelligence, 

fertility and disease resistance. It is also worth noting that he acknowledged a 

substantial number of confounding effects in heterosis studies in humans (181). 

A systematic overview of the published studies that followed was mainly 

carried out within the fields of anthropology and population genetics, covering a wide 

range of traits and conditions. The compilation of reports presented in these articles 

suggests that heterosis effects can be recorded in fertility and survival (182-184), a 

bizygomatic diameter but not five other facial measurements (185), or some body 

measurements (183, 186-190). One study invoked heterosis as one of the most 

probable causes of the mean intelligence increase within recent decades (191). In this 

study, the author suggests that several human traits exhibit constant increasing trends, 

such as the mean intelligence, height, growth rate and others. Many factors have been 

used to explain such increases, but researchers have failed to explain many of them, 

often referring to the unknown “factor X” in the explanation of their findings (191). 

Also, the same paper suggests several possible approaches to testing these hypotheses 

in further studies, namely by increasing the number and extent of inbreeding studies, 

investigating the heterozygosity increase over the course of time and employing 

within-family studies. An extension of the findings suggests that almost any 

unexplained secular change in any genetically influenced trait could conceivably 

represent the effects of heterosis (191). Finally, a recent study suggested that some 
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traits, including blood pressure, cholesterol and one fraction of lung capacity may be 

influenced by changes in genome-wide heterozygosity (78). That study was based on 

the pooled analysis of several islands with varying demographic histories and 

population dynamics (192), conditions that provide the best theoretical background 

for heterosis investigations (48, 193).  

Although rather limited in the extent and number of published studies, the 

results of heterosis investigations in humans suggest that increased genome-wide 

heterozygosity might have beneficial effects on human health. This notion seems 

plausible, based on two separate lines of evidence. First, studies on heterosis in 

animals and plants indeed suggest better properties of organisms with increased 

heterozygosity (10). Secondly, if we consider that inbreeding and heterosis are at least 

partially opposing, we may invoke the evidence of inbreeding depression in humans 

as the indirect suggestion of heterosis effects. Indeed, a number of studies on 

inbreeding in humans suggest deleterious effects in both early-onset and even in some 

late onset diseases (155), further supporting the possibility that the same traits may 

express heterosis effects.  

However, one recent study invokes heterosis as the cause of increased breast 

and ovarian cancer rates among Pakistani women (194). The authors in this study 

state that increased number of interethnic marriages in Pakistan increases the 

probability of developing cancer in an admixed population. However, a major 

objection to this study would be the possibility of “ecological fallacy”: the inability to 

draw conclusions at the individual level based on population-level evidence. Just as 

the authors state in their paper, further investigations are needed in a well specified 

epidemiological design that could identify heterozygosity estimates as a risk factor for 

disease development. If such studies indeed confirm deleterious effects of interethnic 

marriages, based on animal models it would seem more likely that outbreeding 

depression is responsible for increased cancer rates, rather than heterosis. Either way, 

heterozygosity estimates seem to have a substantial influence on cancer development 

in humans, as cancer exhibits a certain amount of non-additivity (195) and also higher 

rates in some consanguineous human populations (196-199). 

There is a very important finding from a number of plant and animal studies, 

indicating that the effects of inbreeding on total performance (overall fitness, survival) 

is larger than inbreeding depression for a single trait (28). The same has been 
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described in heterosis, with e.g. fitness components in heterotic plants reaching 10-

15%, while overall fitness can reach up to 50-75% increase (48). This finding 

suggests that studies on heterosis in humans should focus on more complex traits 

(such as overall survival or total fitness), rather than focusing on a single trait. 

Additionally, theoretical predictions suggest that heterosis will be greatest when 

frequencies of deleterious recessive alleles are high, effects of those alleles on fitness 

are large and when the frequency differences between populations are greatest (48). 

Such assumptions suggest that we might have the highest chances of detecting 

substantial heterosis in a human metapopulation, where human populations 

experience isolate break-up and admixture after previous prolonged isolation.  

  One line of research might help establish a pattern of the effects of changes in 

IGWH on human health – admixture studies. Admixture denotes substantial mixing of 

two (or more) populations. Human populations that have experienced admixture are 

usually those who have a historical background of substantial migration into new 

areas or other phenomena which brought two populations together (including wars, 

etc.), thus breaking the barriers between them that might have operated for millennia 

(200). Today, there are numerous admixed populations, mainly located in Central and 

South America and adjacent islands, due to historic links with both European and 

African origins (201). Detailed genetic analysis of these populations has revealed a 

substantial amount of paternal European contribution, while the commonest maternal 

contribution is of either Native American or African origin (202), a finding which has 

later been confirmed (203). However, studies which investigate the effects of 

admixture on human health are very difficult to perform, as admixture is usually 

associated with substantial confounding, either due to initial ethnic differences, terms 

of culture, immigration, levels of discrimination in work and housing, acquisition of 

different lifestyles or changes in the individual (or population-based) socioeconomic 

situation (201).  

 Basic analysis of the effects of isolation, consanguinity and inbreeding and 

admixture and outbreeding on human health could be obtained by the analysis of the 

traits of interest in populations that exhibit interesting patterns of marriage and other 

demographic features. The first population group of interest is the South American 

population, where the overall prevalence of inbreeding is rather low (176), while the 
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prevalence of admixture is high (204). The second group consists of some African and 

Asian populations, where consanguinity is prevalent (176) (Figure 1.4).  

However, such information is not enough on its own, as the secondary data 

from which such an overview is presented here might not be representative. 

Additionally, unweighted summation across various studies and population groups of 

unequal sizes will tend to produce biased country estimates. Furthermore, direct 

comparison of health indicators between countries is again methodologically flawed,  

as there may be a number of other different factors in place that modify or cause 

differences between these countries (namely, socioeconomic status, health care 

organisation, cultural and lifestyle norms and habits, etc.). One of the possible ways 

of explaining the effects of isolation and inbreeding and admixture and outbreeding 

on human health and fitness is to perform a systematic review of the available 

published studies. This theoretical framework was developed in an attempt to provide 

an authoritative and methodologically correct overview of the published studies. 

Details on the methodological approach used in this review are given in Appendix I. 
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a) Admixture (South America) 

 
 

b) Consanguinity (N Africa and W Asia) 

 

 

Figure 1.4. Distribution of admixture in South America (a) and consanguinity 
in Northern Africa and Western Asia (b) based on the available census data, 
published studies that are indexed in PubMed and other sources (157-176, 
204-215). Countries with insufficient information, as well as those that were 
involved in recent conflicts were excluded. If more than one data source was 
available for any country, the average value was calculated and presented 
here.  
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1.5.2.1. Serum lipid levels 

Both descriptive and ecological studies have suggested that some isolated 

populations may have less favourable levels of serum lipids in Croatia (64) and 

Sardinia (216), with clearly less favourable lipid levels in the Saami (217) and an 

isolated Newfoundland population (218). Other studies have shown increased levels 

of LDL (marked by the increased frequency of hyperlipidaemia type 2 and 4) in 

consanguineous families (219, 220), and increased levels of triglycerides and LDL in 

inbred individuals from the Netherlands (221) and Croatian isolates (78). However, a 

large study of the Icelandic population suggested lack of evidence of inbreeding 

effects on lipids, with the exception of HDL (222).  

Studies which show the beneficial effects of admixture are less frequent, 

suggesting that the Japanese had higher cholesterol and less favourable HDL levels 

than the admixed population of the Dominican Republic (223). Several studies have 

shown that the Caribbean population has extremely favourable serum lipid levels, 

compared to other populations, including those of South-Asian, European and African 

American origin (224, 225). This included lower levels of very-low-density 

lipoprotein (VLDL) cholesterol and triglycerides, lower serum total triglycerides, 

higher high-density lipoprotein 2 (HDL2) cholesterol and larger low-density 

lipoprotein (LDL) particle size (224). Similar findings were obtained from pregnant 

women, where those of Caribbean origin had lower concentrations of total 

cholesterol, low density lipoprotein cholesterol, triglycerides and apolipoprotein B 

and higher high density lipoprotein cholesterol and Lp(a) lipoprotein concentrations 

compared with Caucasian women (226). A more detailed study investigated a number 

of metabolic properties of the Caribbean population, suggesting that despite less 

favourable glucose tolerance, Afro-Caribbean populations had much better lipid 

profiles compared to Europeans, which has even been suggested as the factor which 

explains lower cardiovascular mortality among Afro-Caribbean populations (227). 

Furthermore, nuclear magnetic resonance analysis of lipid particle sizes indicated that 

levels of low-density lipoprotein cholesterol, total cholesterol and triglycerides and 

large and small very low-density lipoprotein, small low-density lipoprotein, as well as 

very low-density lipoprotein particle size, were remarkably lower in Afro-Caribbean 

men than in either African American or white men (225). However, as pointed out in 

the previous studies, the effects of individual admixture on human health may be 
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difficult to confirm and may be modest compared to other modifying factors, which in 

the case of serum lipids and overall cardiovascular risk factors include socioeconomic 

status, access to health care and lifestyle determinants (228). 

 Overall, only three studies have complied with all the criteria required for 

systematic review inclusion (Table 1.2) 

 

Table 1.2. Overview of the systematic review results for the effects of 
inbreeding and admixture on serum lipid levels 

No. 
 

Population Sample 
size 

Effect Ref. 

1 Croatian island 
isolates 

200 Increased LDL in more inbred individuals, 
no change in TG and HDL 

(78) 

2 Croatian island 
isolates 

304 No effect of inbreeding to LDL and TG lipid 
(suggestive for HDL) 

(64) 

3 Ruchpen, a 
genetic isolate in 
the Netherlands 

868 Significant increasing trend of association 
of inbreeding with TG and LDL in 
multivariate models (suggestive for HDL) 

(221) 

LDL-low density lipoprotein, HDL-higher density lipoprotein, TG - triglycerides 

 

1.5.2.2. Bone mineral density and osteoporosis 

A broad search of the effects on bone mineral density (BMD) indicated that 

there were studies showing large differences between populations, with higher BMD 

in people of African-Caribbean heritage, compared to either Caucasian or African-

Americans (229, 230). At the same time, BMD showed lower values in some 

populations where consanguinity is more prevalent, namely in Moroccan women 

(231), Qatari women (232), Saudi women (233, 234) and Lebanese (235, 236). 

A total of four studies related to bone mineral density have complied with all 

the inclusion criteria. Three of these were performed in the Caribbean population of 

Tobago (237-239) and the fourth one was based on an isolated Croatian island 

population (240). All four studies were suggestive of a positive association of 

admixture and negative association of inbreeding with bone mineral density (and the 

inverse relationship with osteoporosis), in a way that three studies from the Caribbean 

were showing higher BMD in admixed populations, while the fourth study was 

showing less favourable indices (higher prevalence of osteoporosis and lower cortical 

index) in the Croatian island isolate (Table 1.3). Notably, the last study was also the 
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only study which used pedigree-based inbreeding coefficients for correlation with the 

cortical index and the prevalence of osteoporosis (240). (Table 1.3). 

 

Table 1.3. Overview of the systematic review results for the effects of 
inbreeding and admixture on bone mineral density and osteoporosis 

No. 
 

Population Sample 
size 

Effect Ref. 

1  Caribbean, 
Tobago  

2,589 18-22% higher BMD in Caribbean men 
compared to US Caucasians and 8-12% 
higher BMD than African-American men; 
difference was stronger in elderly groups 

(237) 

2  
  

Caribbean, 
Tobago 

340 10-18% higher BMD in Caribbean women 
compared to non-Hispanic African-American 
population and 29-30% higher BMD 
compared to non-Hispanic Caucasian women 

(238) 

3 Caribbean, 
Tobago 

471 Typically 10% higher BMD in Caribbean 
compared to non-Hispanic Caucasian and 
African-American families 

(239) 

4 Croatian island 
isolates from 
14 villages 

1,389 A trend of increased 
susceptibility to osteoporosis with increasing 
level of inbreeding per village population 

(240) 

 

 

1.5.2.3. Glucose and diabetes 

 The prevalence of diabetes in some parts of Asia is high and shows a constant 

increase which is partly attributable to high consanguinity levels (175, 241). Results 

from some studies suggest that diabetes was more prevalent in consanguineous 

examinees than controls in two studies from Saudi Arabia and Qatar (174, 242). 

However, a study on 3,772 Israeli Arabs indicated that although diabetes was more 

prevalent in the offspring of consanguineous parents, the difference in diabetes 

prevalence between consanguineous and non-consanguineous examinees was not 

significant (243). 

 A total of 5 studies complied with all the criteria for the systematic review, 

while only two of them reported association between inbreeding coefficients and 

higher glucose impairment prevalence (Table 1.4).  
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Table 1.4. Overview of the systematic review results for the effects of 
inbreeding and admixture on serum glucose and diabetes mellitus 

No. 
 

Population Sample 
size 

Effect Ref. 

1 Qatari diabetic 
patients 

676 The odds of having diabetes were 1.38 times 
higher for consanguineous examinees 

(175) 

2 Qatari, 
representative 
sample 

1,515 Odds ratio of diabetes among 
consanguineous examinees was 1.36 
compared with non-consanguineous 

(173) 

3 Bahrain 2,128 No association of diabetes and parental 
consanguinity 

(244) 

4 Croatian island 
isolates 

201 No change in the serum glucose levels (78) 

5 Croatian island 
isolates 

304 No association of glucose and inbreeding 
coefficient (‘personal genetic history) 

(64) 

 

1.5.2.4. Uric acid, gout and urinary tract stones 

 These are the traits for which only a handful of studies were found, with one 

of the prominent ones showing that the standardized prevalence of nephrolithiasis was 

1.5% in the group of Adriatic island villages with a low inbreeding coefficient, 2.3% 

in the group with moderate inbreeding and 5.4% in the group with high inbreeding 

(245). The prevalence of nephrolithiasis in isolated populations was higher than in 

mainland populations, in reports from Iceland (246), Fiji (247) and the Canary islands 

(248). Similarly, the prevalence of childhood urolithiasis in Iraq was higher than that 

in the UK (249), suggesting that isolation and consanguinity may contribute to higher 

incidence of urinary tract stones. However, studies have also indicated that the 

prevalence of urolithiasis may be higher in some societies with a high prevalence of 

admixture, such as Puerto Rico (250), making it possible that consanguinity and 

admixture may not be the underlying factors associated with the development of 

urinary tract stones (251). Two studies from the search complied with all the 

systematic review criteria (64, 78), but neither showed significant association of uric 

acid or diseases associated with it and inbreeding.  
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1.6. A brief overview of the population genetics of the human population 

 The current view on human evolution postulates that the species Homo 

sapiens originated in Africa some 200,000 years ago (252). This theory is named Out 

of Africa, but also (Recent) Out-of-Africa model, recent single-origin hypothesis 

(RSOH), Replacement Hypothesis or Recent African Origin (RAO) model and 

postulates that humans evolved in a single location and started a series of migrations 

across the world some 70,000-50,000 years ago, resulting in a gradual replacement of 

other hominid species (H. erectus and H. neandertalensis) (252). This theory fits well 

with modern views on human evolution and it has had substantial support from 

mitochondrial DNA analyses. Detailed studies have suggested that the expansion of 

the early human population started about 59,000-69,000 years ago, firstly by reaching 

western Asia and India, as suggested from mitochondrial DNA analysis (253). 

Expansion to Europe started between 39,000-53,000 years ago, resulting in the 

formation of many isolated populations within Europe (253). The spread of the 

population was thorough, but the population size was small or very small across long 

periods of time (254, 255). 

 Further studies of early human genetics have indicated that the demographic 

structure of human populations has undergone a dramatic change from the initial 

evolutionary appearance of the species (256). Studies of initial human population 

dynamics indicate that as a species humans have been exposed to frequent bottleneck 

and expansion effects, which have had a strong effect on the genetic structuring in 

human populations (257). The origin of the species was very dramatic, suggesting that 

the effective size of the ancestral population in Africa before expansion across the 

World might have been as small as 700 individuals (258). Simulation studies go even 

further, suggesting that the most recent common ancestor to all currently living 

humans lived just a few thousand years ago, suggesting that all living humans have 

the same genealogical ancestor (259). This finding in turn suggests that if we go back 

and try to establish the genealogical history for every person we will inevitably run 

out of possible ancestors quite fast, thus suggesting that every human will be 

somewhat inbred as we will all share a fair amount of genes that were received from a 

common ancestor (1).  
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 Three major changes can be seen in human population and demography 

within the past few centuries: a huge increase in the overall population size, an 

increase in the percentage of people living in urban areas and the existence of several 

distinctive secular changes (the term secular trend is avoided, as some of the secular 

changes tend to vary over time and therefore do not necessarily show pattern that can 

be regarded as a trend) (254, 255, 260).  

 It was relatively recently (in the history of mankind as a species) that the 

population experienced a substantial increase, marked by a stable and exponentially 

increasing pattern (254). The period before that was marked by a slow increase in the 

population size until the last two centuries, when the total human population has 

expanded rapidly from 1.5 to more than 6.2 billion (254) and it has more than doubled 

during the period 1950-2000 (255) (Figure 1.5). 

 

 

Figure 1.5. Population size, based on United Nations data (255) 

 

 Should this trend continue, the human population could increase a further 

1.7 billion people by 2030, reaching a total size of 8.2 billion (261). The densest 

populated areas and those with the highest population growth are those of developing 

countries, namely India and China (Figure 1.6).  

 

 



 44 

 

Figure 1.6. Population density, based on 1994 data (262) 

 

Another important change in the human population that was especially well 

documented during the 20
th

 century is the existence of several secular changes (263). 

Among the most prominent ones were an increase in life expectancy and longevity 

(260), an increase in height (264), earlier puberty onset (264) and an increase in 

intelligence (191, 265).  

Changes in the average human lifespan and life expectancy are relatively well 

documented by various historical records, suggesting a roughly threefold increase 

through the course of human history (266). Average human lifespan has increased 

from 47 years to 73 years during the 20
th

 century alone (260), with the highest life 

expectancy at birth found in Japan, where for women it reaches 84.9 years (267). 

Careful dissection of this trait suggests that it is a complex trait where environmental, 

socio-cultural, genetic and stochastic factors are involved (268, 269), although 

occasionally pockets of longevity can be seen in various populations, sometimes 

showing immense differences (270). Although sibling and twin studies suggest an 

obvious genetic link (271, 272), the heritability of life span was estimated at 0.23 for 

males and 0.20 for females (273), confirmed in epidemiological studies which suggest 

that up to a quarter of the variance in lifespan in developed countries can be attributed 

to genetic factors (274). However, even some recent review studies suggest that we 

are still quite far from understanding the genetic background of longevity and that 

further research in this area is needed (275). The problem in understanding the 
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complex interplay between environmental and genetic factors in life expectancy 

determination is related to the larger number of potential confounders and an inability 

to provide comparative analysis due to specific characteristics of the human lifespan 

(275). A critical review of human longevity indicated that there has been surprisingly 

little success in identifying factors associated with longevity, despite numerous 

studies that were performed in the last century (274). 

 Two other secular changes have attracted a substantial amount of interest 

and created a large body of research – increase in height and earlier onset of puberty 

(264). Comparison of these two trends indicates that the height increase is stronger 

and that the timeline of these trends in developed countries is unequal (276).  

 Secular changes of height are relatively easy to follow, since the height of 

military conscripts has been regularly collected in most developed countries since the 

18
th

 century (263). Initial reports have indicated that the Dutch were among the tallest 

nations for a long period of time (with average height increasing from 165 cm in 1860 

to 181 cm in 1990), while contemporary data suggest that the average height of Dutch 

people is 184 cm for young men and 171 cm for young women (277). Interestingly, 

secular changes in height seem to show a slow-down in a number of developed 

countries, including the Netherlands, Sweden and USA (263). Based on these changes 

and the dynamics of secular changes, it has been proposed that each population will 

require a total of 150 years, or approximately six generations of favourable 

environmental conditions before it can reach its full biological height potential (263). 

The causes of these changes remain a bit elusive, with a number of proposed theories, 

suggesting earlier onset of the growth hormone-dependent phase of growth in early 

life (276) and a number of beneficial “civilization effects”: higher education and 

socio-economic status, urbanization, better child care with sufficient food supply, 

appropriate health and sanitation services (264). Such secular changes have been 

described in Croatia, where school children aged 9 years have been shown to have 

increased in average height by 4-7.5 cm during the 1951-1991 period (278). The 

difference was even strongly expressed in girls aged 12 whose average height has 

increased by 10 cm and boys aged 14 whose average height has increased by an 

immense 14 cm (278). The same study also pointed out that the dynamics of secular 

changes were changing over time and that towards the end of the study period it had 

come to an end (278).  
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 In contrast to secular changes in height, changes in the age of menarche are 

less likely to be explained by traditionally proposed factors. Firstly, the effects of 

nutrition on puberty may explain up to a quarter of total variance, suggesting that 

over-nutrition and obesity may trigger puberty onset (276). This is one of the factors 

that could be related to earlier menarche, as most developed societies are experiencing 

substantial increase in the prevalence of overweight and obesity (278). Onset of 

puberty seems to be under stronger genetic control, as suggested from twin studies, 

although most of the factors that do affect it cannot be classified strictly as 

environmental or genetic (276). Another study has shown that socioeconomic factors 

and dietary pattern are strongly associated with growth and maturation (279). Yet, 

even that study, in which boys and girls from Martinique (Caribbean) and Senegal 

were compared, could indeed be confounded by admixture: earlier puberty onset that 

was observed in the examinees from Martinique could be the consequence of the 

higher degree of admixture experienced in the Caribbean region (204). 

 Increase in mean IQ is another secular change that has been recorded in a 

number of countries during the past century (191). The observation of increasing 

mean IQ has been termed Flynn’s effect, with an IQ increase in the USA by 13.8 

points between 1932-1978, or on average 0.33 per year (280). An even greater 

increase was recorded in the UK, where IQ increased by 27 points during the 1942-

1992 period, or on average 0.54 per year (281). Although socioeconomic changes and 

increases in educational attainment were implied as the cause for these changes, 

genetic factors and heterosis were nevertheless also invoked (191, 265). 

 Finally, the human population has experienced substantial changes in the 

past two centuries, during which the percentage of humans inhabiting urban areas has 

increased from 2% to over 50% (254). Between 1950 and 2000 the increase in the 

percentage of urban population was highest in Latin America and the Caribbean, 

where it rose from 42.0% in 1950 to 75.4% in 2000 (261). The highest percentage of 

urban population in 2005 was recorded in Northern America, where as many as 

80.7% of people were living in urban areas, while the projection for 2030 suggests 

that a total of 86.7% of the population will be living in cities (261). This process is the 

result of migration from smaller and more genetically uniform (mostly rural) and 

isolated settlements to much larger urban settlements, towns and cities. The direct 

consequence of rural-to-urban migration has been two-fold: an increase in the 
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proportion of the urban population which caused a substantial change in the 

previously established lifestyle to which humans were (evolutionarily) more 

accustomed; and, more importantly, increased population and individual mobility, 

which led to marriage outside traditional groups and admixture of many genetically 

differentiated populations in a process referred to as ‘isolate break-up’ (63, 282), 

which might also have an important role in evolution and adaptation (283). The 

process of isolate break-up has caused substantial changes in the genetic structure of 

the population, namely reduction of population structuring and a decrease in the 

extent of linkage disequilibrium, which is well documented for the period between 

1900 and the present day in several European populations (192, 284).   

 Isolate break-up in human populations has another important consequence: 

it causes an increase in genome-wide heterozygosity (282). Regardless of the method 

used (FADC and sMLH were used), isolate break-up and urbanization were associated 

with an 8-10% increase in genome-wide heterozygosity in a metapopulation of 

Croatian islands compared to an outbred Croatian population. Heterozygosity was 

measured in a genome-wide set of 1,184 microsatellite/indel markers in 166 

individuals, which was the first attempt to quantify changes in IGWH associated with 

urbanization (282). The main underlying mechanism for this is related to the isolated 

population, where with decreasing village population size mate choice becomes 

limited and the prevalence of consanguinity increases (282). This is shown in the 

increasing proportion of individuals likely to be consanguineous based on 

grandparental isonymy data, ranging from 35% in Komiza village to 96% in Susak 

village (192). The same study suggested that the level of genome-wide heterozygosity 

is mainly determined by the population substructure, recent inbreeding and population 

admixture rather than the proportion of consanguineous individuals in the sub-

samples and that it is likely that loss of genetic diversity in the most isolated 

communities is due primarily to genetic drift, further contributing to the decrease in 

genome-wide heterozygosity. Analogously, the increase in genetic diversity that 

occurs through the introduction of many new rare variants into urban areas contributes 

to an overall increase in IGWH (282). Should we assume that heterozygosity has 

beneficial effects on human health (78, 191, 265), then it may be hypothesized that 

isolate break-up and increased urbanization will have beneficial effects on human 
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health and could be used to explain recent secular changes that are present in human 

populations (282).  

One of the very interesting models in genetics is the isolated population. 

Genetic theory suggests that isolated populations have a number of special properties 

and that several different phenomena are seen among them that are not present in the 

general population. While open populations in the absence of migration, mutation and 

selection will have constant gene and genotype frequencies known as Hardy-

Weinberg’s equilibrium, genetic features of isolated populations usually deviate from 

this paradigm (11). There are four direct consequences of population isolation (11): (i) 

random drift denotes random changes in gene frequency in each of these sub-

populations; (ii) random drift can lead to increased differentiation between sub-

populations; (iii) drift will also cause increased uniformity within sub-populations as a 

consequence of the progressive reduction in genetic variation within each sub-

population (285), which will also be related to (iv) increased homozygosity at the 

expense of heterozygotes. The last mechanism is the basis for the inbreeding 

depression that occurs as a consequence of population isolation and subdivision (10, 

11). However, small and isolated populations are also exposed to two genetic threats. 

Firstly, some alleles in the population can become randomly fixed or lost by drift, 

meaning that the amount of genetic diversity necessary for evolutionary adaptation 

will erode (286). Additionally, deleterious mutations (occurring at random) will 

accumulate in isolated populations, which due to their homogeneity and lack of 

diversity gradually experience a lesser amount of natural selection (10). The isolated 

population is considered to be threatened when the effective sample size reduces to 

less than 100 (10). Regardless of these threats, isolated populations are common in 

animals and plants and it seems that isolation has been one of the main factors in 

speciation, suggesting that it has an extremely important role in evolutionary biology 

(287). However, it has also been implied that animal populations which are seriously 

reduced in size and have high inbreeding coefficients can benefit from the 

introduction of even a single migrant, what was sufficient for subsequent population 

heterozygosity to increase and allowed rapid spread of new alleles and exponential 

population growth thus providing genetic rescue to the isolated wolf population (288). 

The results of that study support the theory that even small rates of migration might 
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be sufficient for isolated populations not only to reduce the detrimental effects of 

inbreeding, but also to show a certain amount of heterosis (193).  

As far as the human population is concerned, examples of population isolates 

are numerous, even within Europe (63). The form of isolation that is most common in 

plants and animals is geographical isolation (285). However, in humans several other 

forms of isolation seem to be even more effective: ethnic, cultural, linguistic and even 

religious isolation (63). Although it may seem that modern barriers between 

population groups are not as strong as they might have been in the past, it is 

remarkable that even a non-systematic overview suggests that isolated populations are 

numerous across Europe and that they include almost 10 million people in Europe 

alone (63). These sub-groups are often marginalised (e.g. Roma population) or live in 

various sub-cultural settings, sometimes making the basic approach and possibility of 

investigating them difficult (63). Besides bearing social stigma from membership in 

isolated populations in some cases, isolation has often been associated with adverse 

health status and poor health outcomes (62, 63).  

One of the main underlying features of isolation is foundation and founders: 

the people who first created the new settlement and formed a non-representative 

group of the main population (63). The direct consequence of this model is that, with 

the absence of strong mutation, selection and migration, the entire isolate population 

will have only a small number of common ancestors and they will share a fair amount 

of the genes that were introduced by the founders. This has a strong impact on two 

lines of research – one is related to linkage disequilibrium (LD) – non-random allele 

recombination and the other is related to reduced marital partner choice due to small 

population sizes, resulting in inbreeding due to population subdivision (10). While the 

first mechanism may be helpful to gene mapping (289, 290), the second has been 

repeatedly associated with unfavourable health outcomes, in both early onset diseases 

(152-154), as well as a wide range of late-onset complex diseases (158).  

There is another very important property of isolated populations with respect 

to genome-wide heterozygosity. A theoretical model of migration rates in isolated 

populations revealed that the molecular background of heterosis is not the complete 

reverse of inbreeding depression under the partial dominance hypothesis (48). The 

results of this study indicated that even the smallest rates of migration between 

isolates can lead to the occurrence of heterosis in those populations. This type of 
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heterosis will be mostly expressed in situations involving low gene flow, recessive 

alleles of intermediate effect and high mutation rates (48). The model predicts that 

genetic drift will cause allele frequencies to be different among various subdivided 

populations, which will be the greatest when the population sizes are small. Drift will 

cause the formation of different sets of recessive deleterious alleles in each of these 

populations, especially if the selection is weak and migration rates are low. Crosses 

between them will show a greater extent of hybrid vigour due to the masking of these 

recessive alleles. If the fitness reduction in homozygotes is small, then the amount of 

heterosis will also be small. Secondly, when fitness reduction is greater, that will have 

stronger effects on fitness in both directions, meaning that the strongest net amount of 

heterosis effects will be expressed in situations where there are intermediate effects. 

This pattern is different from the mutation load, which is insensitive to the strength of 

selection and is only defined by the mutation rate. The net outcome of this is that 

heterosis will be mostly caused by more alleles of smaller effects than inbreeding 

depression (48), which is largely independent of the strength of selection (13).  
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1.7. A local study population example: Croatian island isolates 

A large body of research has so far been accumulated in Croatian Adriatic 

island isolates (291), a resource that was initially used for human population diversity 

research (292), but also as a model for heterozygosity investigation and subsequently 

considered as a good model of a human metapopulation (64). Along the Croatian 

coast there is a total of over 1000 islands, with approximately 100,000 inhabitants 

(293). A total of 15 of them have a land surface area over 50km
2
, with populations of 

over 1000, while the rest are either smaller and have fewer inhabitants, or are 

uninhabited (293). The lack of transportation options, remoteness from the mainland, 

suboptimal health care, lack of education and economic opportunities are just some of 

the factors that are contributing to the long term and in some cases even devastating 

emigration and depopulation (294). However, from the genetic epidemiology point of 

view, these isolated settlements on the islands are highly interesting research targets 

(63, 64, 158, 291, 295). Most of these islands have managed to maintain continuity of 

human presence for very long stretches of time. Anthropological surveys indicate that 

the first islanders were bands of hunter-gatherers, who were pushed out of the north 

Adriatic plain by the marine transgression of the early Holocene (296). Some of these 

groups turned to settled (non-migrant) forms of life (farming) somewhere around 

6000 BC (296). The archaeological evidence suggests that at least some of them 

originated from southern Italy, possibly along a chain of islands that span the central 

Adriatic (296). Most of the bigger islands hold numerous archaeological evidence of 

human presence from the entire Neolithic period, with stone artefacts and even some 

stone mounds in Korcula Island. Therefore, it is safe to say that some of these islands 

indeed have a 3000 year old history (192, 296, 297), suggesting that even some of the 

contemporary islanders might be related to the initial founders who have remained in 

(partial) isolation for over three millennia. 

A detailed genetic epidemiological study of the Croatian island isolates was 

published in 2006, showing a strong pattern of within-village homogeneity and 

between-village heterogeneity (192). The study was based on 100 samples from 10 

isolated villages and five islands (Susak, Rab, Vis, Lastovo and Mljet Islands). 

Microsatellite markers were used to infer genetic structuring and differentiation of the 

villages. The results have shown that some villages with extreme degrees of isolation 

(namely Susak and Lopar) had similarly extreme levels of genetic structuring, which 
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enabled to membership in some of these villages be determined by a very limited set 

of only 26 autosomal markers (192). Additionally, the study has shown that history 

and demography have a strong effect on the genetic structure of isolated populations 

(192). Furthermore, the same study suggested that the extent of linkage disequilibrium 

was most strongly associated with the proportion of locally born grandparents, in a 

stepwise regression model which included a total of 12 demographic predictors and 

that strong isolation and endogamy are likely to be the main forces maintaining this 

highly structured overall population (192).  

One of the most interesting islands within the Adriatic is Vis, due to its 

geographic isolation and the existence of unique socio-cultural and linguistic 

characteristics of the local population (298). Results from a series of anthropological 

studies indicated that the island has over time experienced strong depopulation, which 

was very marked in the villages in the inner parts of the island, such as Okljucna 

(where the population size decreased from 304 in 1910 to 5 in 2001, or Marinje 

Zemlje where the number of inhabitants went down from 307 in 1910 to 35 in 2001) 

(298). At the same time, only the elderly have remained on the island, which is seen 

in the population structure (population pyramid), which shows strong ageing of the 

population. Furthermore, one of the important determinants of the isolation of Vis 

island was linguistic uniqueness, which is the result of the numerous historic events 

and changes imposed by the frequent changes of the island rulers (298). Not only has 

the island preserved its special dialect, but two distinctive sub-dialects exist on the 

island, one in Vis and the other in Komiza (two of the biggest and semi-opposing 

settlements on the island), suggesting that a certain degree of isolation existed even 

within the island (298). 

Catholicism came to the island quite late in the Middle Ages, with no previous 

records of early Christian settlements or monuments (299). However, ever since that 

period Catholicism has found strong roots in the island population, with Catholics 

constituting over 95% of the population of this region of Croatia in the 2001 Census 

(300). This acted against close inbreeding on all of the Adriatic islands, but 

population subdivision and reduced mate choice definitely acted in favour of 

increased chances of inbreeding by isolation. One of the most isolated and well 

studied islands is Susak, in which the current population does not exceed 200 people, 

while endogamy (percent of grandparents that have originated from the same 
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settlement) is as high as 86% (192). The demographic history of each of the islands 

that were under study has been thoroughly investigated, thus offering a resource on 

which detailed analyses are available (301).  

There are also several Mendelian disorders that have originated or have higher 

prevalence in some of the islands. One of the most interesting diseases is Mal de 

Meleda from Mljet island (302), characterised by severe dermatological appearance, 

hyperkeratosis of palms and soles. The islands from which it originated were used as 

the leprosy quarantine for the historic Dubrovnik Republic (303). The disease is 

caused by a gene located on chromosome 8, resulting in changes of the SLURP-

protein that is involved in signal transduction, immune cell activation and cell 

adhesion (303). Although for some time the disease was believed to be confined to the 

island of Mljet, recent studies have suggested that cases of this diseases have been 

described in Italy, Tunisia, Saudi Arabia and the United Arab Emirates (303). The 

current pattern of disease distribution is believed to have been created by sailing 

routes and merchants who originated from the island (303). 

Another monogenic disease described in the Adriatic islands of Croatia is 

hereditary dwarfism from Bascanska Draga and Jurandvor villages on the island of 

Krk (304). The disease was first recorded in 1864 and 1869, when two affected 

brothers were born, while the first scientific description of it was published in 1906, 

when it was believed to have been caused by iodine deficiency (303). Detailed 

research has suggested that the inhabitants of these two villages were highly inbred, 

with known consanguineous marriages in the past (305), attributed to close kin 

marriages due to scarce land preservation (305, 306). Subsequent research led to the 

identification of the PROP1 gene, involved in growth hormone metabolism (304). 

Interestingly, it seems that the gene for this disease is common in the entire 

population of both villages, with more than two thirds of all women shorter than 159 

cm and 14% of all women shorter than 150 cm; most men were between 170 and 179 

cm, while the increasing trend in height was recorded in younger generations (305). 

A type of learning disability was described on the island of Susak, which has 

been attributed to the high levels of endogamy and consanguinity (307). The island 

population, estimated at approximately 200 inhabitants had very high prevalence of 

various psychiatric disorders, including 57 recorded cases of oligophrenia, 33 cases of 
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senile dementia, 21 cases of psychoses and 16 cases of schizophrenia, representing 

over half the entire island population (308).  

A higher incidence of ovarian cancer was recorded in Lastovo island, with 

strong familial clustering (309). Several more diseases were implicated (303), 

suggesting that the populations of Adriatic Croatian islands present a favourable 

resource for ongoing genetic epidemiological research and mapping of rare 

monogenic disorders (295).  
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2. AIMS AND OBJECTIVES 

2.1. Introduction 

A large body of research related to the effects of changes in the genome-wide 

heterozygosity level has so far been accumulated in plants and animals, suggesting a 

reduction of fitness and survival with inbreeding and improvement in cases of 

outbreeding. However, the extent of such studies in humans has been much smaller 

with only a handful of studies published within strict methodological criteria. This is 

despite the large amount of data that is available on humans, both genotypic and 

phenotypic information, as well as information on known modifiers.  

 

2.2. Aims 

This Thesis has two principal aims. The first aim was to investigate the most 

widely used methods of estimating individual genome-wide heterozygosity based on 

the genetic marker data and to provide an overview of the applicability, weaknesses 

and strengths of each method. The second aim was to investigate the strength of 

association between individual genome-wide heterozygosity information and a wide 

range of relevant biomedical information, thus contributing to the existing knowledge 

related to the hypothesis that the reduction of individual genome-wide heterozygosity 

will have detrimental effects on human health, while increasing of the same property 

should improve the human health.  

 

 

 

2.3. Objectives 

2.3.1. Study population 

- to include approximately 1,000 adult examinees from the isolated 

population of the Island of Vis into a genetic epidemiology study 

- to include approximately 1,000 adult examinees from the isolated 

population of the Island of Korcula into a genetic epidemiology study 

- to measure a number of  phenotypic traits in both of these populations 

and collect information on known relevant confounders  



 56 

- to reconstruct pedigrees based on the information provided by the 

examinees and additional information retrieved from island Parish 

records 

- to sample a sufficient amount of biological material (blood samples) that 

will be used in the analysis 

 

2.3.2. Individual genome-wide heterozygosity estimation 

- to calculate various heterozygosity estimates from the available 

genotyping data  

- to compare these estimates and understand the pattern of different 

heterozygosity estimates relatedness 

- to investigate the weaknesses and strengths of all approaches, including 

the effects of demographic events, the amount of isolation, linkage 

disequilibrium and the number of markers that were used  

 

2.3.3. Heterozygosity-fitness correlations 

- to investigate the strength of association between the selected 

heterozygosity estimates and a number of phenotypic metric traits and 

other relevant biomedical information 

- to establish an association between inbreeding and outbreeding on the 

health indices in these two populations 

- to establish a pattern of the effects of inbreeding on the human 

quantitative traits that are governed by varying amounts of complexity  

- to investigate the extent of fluctuating asymmetry in humans 

- to investigate the extent and importance of individual genome-wide 

heterozygosity as a health risk factor in humans 
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3. MATERIALS AND METHODS 

 

3.1. Setting  

This study was based on the examinees from two Croatian Adriatic islands: 

Vis and Korcula. Recruitment and sampling was performed in 2003 and 2004 (Vis 

Island) and 2007 (Korcula Island).  

 

3.1.1. Historical accounts and demographics of the Vis Island 

Vis Island is one of the remote islands in the Southern Dalmatia, which is 16 

km away from the nearest other island (Hvar Island) and 43 km from the closest 

mainland. The island has a total surface of 88.3 km
2
 and has two main settlements, 

Komiza and Vis, one smaller settlement in the north-eastern part of the island 

(Okljucna) and a number of scattered smaller villages and settlements in the central, 

highland part of the island (Figure 3.1).  

 

 
Figure 3.1. Geographic location, villages and settlements under study and 
presentation of Vis and Korcula Islands in relation to the mainland Croatia 

 

 

A favourable position and geographic characteristics are likely reasons why 

the island was inhabited early in human history. Archaeological remains appear to be 

quite numerous in the Gradac region (now the western part of Komiza village), 

suggesting a human presence already in the Neolithic period (297). Initial settlements 
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appeared around 6
th

 century BC, when a few Illyrian tribes inhabited the island and 

established initial colonies. The second wave of foundation took place in the 4
th

 

century BC, when colonists from Syracuse founded their own settlement, today’s Vis 

village (297). Soon after this, Greeks also appeared on the island and settled down in 

a single settlement. The Greeks introduced wine-making, unique fishing techniques 

and brought olive trees, which blended with the traditional husbandry that was 

autochthonous to the Illyrian tribes and Syracuse colonists. The final result was the 

formation of the independent Issa state with a mixture of these three groups. The 

period between the 3
rd

 and 1
st
 centuries BC was marked by the local conflicts (301). 

In the year 231 BC, the Illyrian king Agron and queen Teuta attacked the island. The 

island turned to Rome for help and formed an alliance. The Issian state lasted from 

350 to 231 BC. Although under Roman rule, the island held a fair amount of 

autonomy ever since 47 BC, during the conflict between Gaius Julius Caesar and 

Pompeo, when Issa allied with Pompeo. Although Pompeo lost the battle, Romans 

under Caesar’s rule did not destroy the island settlements, but turned the island into a 

Roman municipium (301).  

During the 8
th

 and 9
th

 centuries AD Slavic tribes advancing from North-

Eastern Europe started colonizing the island. They introduced different ethnic, 

religious and linguistic norms. The first signs of society formation and stratification 

occurred in 1145 when Petar, ruler of town of Zadar, was acknowledged as the first 

chieftain on the island to have a Croatian name – Marislav. Despite differences, the 

newcomers did not wage war with the existing island inhabitants, which resulted in 

further population mixing. In the 11
th

 century Croats were the predominant ethnic 

group on the island and they acknowledged Venetian rule in 1278, only to become a 

part of Croatian-Hungarian kingdom in 1358. A difficult economic situation on the 

island was mixed with frequent pirate raids and conflicts, resulting in the slow 

population increase (301). In the year 1483 the Italian king Ferrant attacked the 

island. The destruction of the island was extensive, marked with the complete 

annihilation of the biggest island settlement, Veliko polje, which was located in the 

central highland part of the island. The remaining population was split into two parts, 

one fleeing towards the bay of Saint George (Sv. Juraj) and later forming Vis village 

and the other going towards western parts of the island and forming a new settlement 

in the bay of Komiza. The word Komiza finds its roots in either “comme Issa”, or a 

Greek word “Nikomedia”, meaning the land that belongs to Nikomedes (301).  
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Cruel conditions and high taxes imposed by Italian rule were the reason for the 

1510-1514 uprising led by Matija Ivanic. The uprising was successful and resulted in 

the several peaceful years after it ceased. However, the peace lasted only for a while, 

until the Turks arrived in 1552 and captured and took most of the island inhabitants to 

slavery. The free Dubrovnik state bought about 300 of them and granted them 

freedom to go back to the island. After this period the island experienced a peaceful 

period during which the population steadily increased, reaching approximately 2000 

inhabitants by the 16
th

 century. This was the period when several waves of 

immigration from the mainland took place, mainly by people coming from Southern 

Dalmatia. Between 1646 and 1669 a total of 40 families emigrated from the mainland 

that was affected by the Turks. The island was allowed a certain level of autonomy, 

providing that all young men were subject to military service for the Turkish Empire 

(301). After the Turks, Venetian rule on the island lasted until 1797 when the Austrian 

army conquered the island. The island soon changed rule again, when Napoleon and 

the French arrived in 1805. The rule was changed to British during 1811-1814, when 

a substantial improvement of the island took place resulting in a surge to the total 

island population to 12,000 (it is estimated that as many as 7,000 foreigners might 

have been present on the island at that time). During 1860 piracy was a legitimate 

activity on the island, which resulted in the development of Vis into piracy outpost 

and the island was often referred to as the “Adriatic Key”, “Adriatic Gibraltar” and 

“Small Malta”. The island soon fell back under Austrian-Hungarian rule and 

flourished by the production of wine. By the beginning of the 20
th

 century the island 

maintained the largest local population of 10,107 inhabitants. However, the 

introduction of the ban on the import of wine into the Austrian-Hungarian Monarchy 

resulted in great losses for the island economy and the first wave of emigration from 

the island. Soon the island fell under the Italian rule (1918-1921). The island then 

became the part of the Kingdom of Serbs, Croats and Slovenes, to change rule once 

again in 1945, when it became part of the Social Federal Republic of Yugoslavia. The 

period after the WW2 was marked by the second wave of emigration due to the poor 

economic opportunities on the island, which was transformed into the largest 

maritime military base in Southern Dalmatia. Most emigrants settled in San Pedro, 

California, USA, but some of them emigrated to Chile and New Zealand as well. 

Finally, the last change of the rule occurred in 1991, when Croatian independence was 

formed (301).  
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 The summary of the demographic determinants of the island population 

suggests that Komiza and Vis were founded from a single settlement that was located 

in the central highland parts of the island and that neither experienced major 

admixture even in the demographic history (Table 3.1) (192).  

 

Table 3.1. Demographics and population determinants of the Vis Island (192). 

Determinant Vis village Komiza village 

Endogamy – percent of the grandparents originated from 
the same village 

87.8% 91.3% 

Founding time expressed as number of years since present 
day and number of generations 

3000 (120) 640 (26) 

Time since the most recent admixture event 350 (14) 640 (26) 

Time since most recent bottleneck event in years 
(generations) before present time 

25 (1) 25 (1) 

Percentage of reduction in the last bottleneck 53% 44% 

Current population expressed as % of the 1750 population 127 585 

Current population expressed as % of the 1875 population 58 68 

Current population expressed as % of the 1925 population 55 46 

 

The largest emigration events took place in the 20
th

 century and resulted in 

substantial reduction in the population size. This is also seen in the reduction of the 

number of newborns that were registered on the island in the period 1900-1950 

(Figure 3.2). 
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Figure 3.2. Number of registered births in Vis and Komiza villages, 1900-
1950. The data were obtained from the Parish records for genealogy 
reconstruction.  
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According to the last Census of population from 2001, there were a total of 

3,637 inhabitants in the Island of Vis, mostly living in Komiza and Vis (310) (Table 

3.2).  

 

Table 3.2. Number of inhabitants of the Vis Island, based on the 2001 Census 
data (310) 

Settlement Total Men Women 

Vis 1,776 831 945 

Komiza 1,523 750 773 

Zena Glava 54 26 28 

Rukavac 47 26 21 

Podhumlje 40 18 22 

Marinje Zemlje 35 17 18 

Podselje 23 10 13 

Podstrazje 23 11 12 

Plisko Polje 21 8 13 

Bisevo 19 10 9 

Milna 19 10 9 

Borovik 15 7 8 

Podspilje 14 7 7 

Dracevo Polje 8 3 5 

Rogacic 8 5 3 

Duboka 6 2 4 

Okljucna 5 3 2 

Sveti Andrija 1 1 - 

Total Vis Island 3,637 1,745 1,892 

 

 

3.1.2. Historical accounts and demographics of Korcula Island 

 The oldest evidence of human presence on Korcula Island also dates back to 

the Neolithic age (311). The remains of stone artefacts and other debris are especially 

numerous in the Vela Spila region in the Western part of the island and Jakasova 

Spila near the village of Zrnovo (312). Although these remains suggest that the origin 

of this primordial population was from the Croatian coastline, the fragments of 

pottery that were found on the island have been suggested to have originated from 

Sicily and Southern Italy. The Island of Korcula enters the written history in the 3
rd

 

century BC, when Pseudo Skymnos, a Greek writer, writes about the inhabitants of 

Greek town of Knidos, who migrated and founded Korcula Island in the 6
th

 century 

BC, by settling in the region known today as Lumbarda (313). A Greek colony was 

established, but did not last for a long time. Illyrian tribes took over the island and 

provided unique evidence of their presence in the numerous stone mounds that are 
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especially well preserved even today in the Mocila region near the Pupnat village 

(313). Korcula soon became infamous for the pirates who were living there and often 

attacked Roman galleys passing close to the island. In order to prevent such raids 

Romans launched a series of military actions against the inhabitants of islands of 

Korcula, Lastovo, Mljet and the entire Peljesac and Neretva region. The Roman rule 

lasted until the fall of Roman Empire. The first Slavic tribes approached this region in 

the 7
th

 century AD, while the first massive Slav arrival on the island was recorded in 

the 10
th

 century. However, this did not results in the stability, as during the next few 

centuries Korcula changed a total of seven rulers – from Slavic, to Venetian Duke 

Peter II Orseolo, Croatian and Hungarian kings, Hungarian rulers of Zahumlje, 

Venice again, Bosnian rulers and finally for a short time it was under Dubrovnik 

Republic (1411-1420). During the subsequent period (1420-1797), Korcula was under 

Venetian rule, which had a profound effect on cultural advances and economical 

prosperity. This included the creation and use of the famous Statutes, which defined 

the relationships of the people on the island, shipbuilding, agriculture, trade and other 

means of contemporary life. The fall of Venetian rule in 1797 introduced new turmoil 

in the rule of the island, which again fell into the wheel of changing rulers: Austria 

(1797-1805), Russia (1805-1807), France (1807-1813), Great Britain (1813-1815), 

Austria (1815-1918), Italy (1918-1921), Kingdom of Serbs, Croats and Slovenes 

(1921-1944). In 1944, partisan forces liberated the island and the island rule changed 

again, to Socialistic Federal Republic of Yugoslavia, the rule which lasted until 1991 

when Croatia announced independence (311, 313).  

According to the 2001 Census, the total island population was 16,182 

inhabitants, distributed in five larger districts: Korcula, Lumbarda, Smokvica, Blato 

and Vela luka. The target population comprised inhabitants of the Eastern part of the 

island, with a total of 6,544 registered inhabitants (Table 3.3).  

 

Table 3.3. Number of inhabitants of the Eastern parts of Korcula Island, 
based on the 2001 Census data (310) 

District Total Men Women 

Korcula 3,126 1,489 1,637 

Pupnat 433 226 207 

Racisce 468 227 241 

Zrnovo 1,296 656 640 

Lumbarda 1,221 619 602 

Total Eastern Korcula 6,544 3,217 3,327 
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3.2. Measurements 

The field work on both islands encompassed a number of phenotypic 

measurements and questionnaires, which were later supplemented with biochemical 

measurements (Table 3.4). Details of the measurement procedure, questionnaires, 

quality control procedures that were performed during the data collection and other 

related details are provided in the separate document in Appendix  II.  

 

Table 3.4. List of phenotypic measurements that were measured in Vis and 
Korcula Island studies 

Phenotype Vis study Korcula study 

Height Yes Yes 

Weight Yes Yes 

Waist circumference Yes Yes 

Hip circumference Yes Yes 

Impedance Yes No 

Skinfolds   

Triceps  Yes Yes 

Biceps  Yes Yes 

Abdominal  Yes Yes 

Subscapular  Yes Yes 

Suprailiac  Yes Yes 

Brachial width Yes Yes 

Brachial circumference Yes Yes 

Head circumference No Yes 

Sternal notch-finger length  No Yes 

Systolic blood pressure Yes Yes 

Diastolic blood pressure  Yes Yes 

Digital ECG No Yes 

Ankle-brachial pressure index (ABPI) Yes Yes 

Pulse-wave analysis (PWA) No Yes 

Calcaneal DEXA scan Yes Yes 

Eye echosonography Yes Yes 

Refractometry Yes Yes 

Retinal (fundus) photography  Yes Yes 

Lung function measurements (spirometry) Yes Yes 

Blood sample Yes Yes 

Urine sample No Yes 

- the table continues on the next page 
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Table 3.4. – continuation from the previous page 

Questionnaires Vis study Korcula study 

Cognitive questionnaires   

Digit Symbol Test Yes Yes 

Standard Progressive Matrices (time-limited) No Yes 

Mill-Hill Vocabulary Yes Yes 

Controlled Oral Word Association Test Yes Yes 

Wechsler Memory Scale  Yes Yes 

AVLT (Audio Visual Learning Test) No Yes 

EPQ (Eysenck personality questionnaire) Yes Yes 

GHQ (General health questionnaire) Yes Yes 

General and health-related questionnaires   

Personal Information Yes Yes 

Medical history Yes Yes 

Genealogical Information Yes Yes 

WHO Angina Questionnaire Yes Yes 

WHO Claudication questionnaire Yes No 

EU Respiratory Health Survey Yes Yes 

WHO Diabetes and Chronic Non-Communicable 
Diseases Questionnaire 

Yes Yes 

Indicators of the Socio-Economic Status Yes Yes 

Indicators of Nutrition  Yes Yes 

Munich Chronotype Questionnaire No Yes 

Epworth sleepiness scale No Yes 

Berlin sleep apnoea questionnaire No Yes 

Biochemical analysis   

Albumin Yes Yes 

C-reactive protein Yes No 

Calcium Yes Yes 

Cholesterol Yes Yes 

Cortisol Yes No 

Creatinine Yes Yes 

d-Dimer Yes No 

Fibrinogen Yes Yes 

Glucose Yes Yes 

Haemoglobin A1C Yes Yes 

High density lipoprotein Yes Yes 

Insulin Yes Yes 

Low density lipoprotein Yes Yes 

Tissue plasminogen activator Yes No 

Triglycerides Yes Yes 

Uric acid Yes Yes 

Von Willebrand factor Yes No 

Metabolomics   

Lipidomics (details provided in Appendix IV) Yes No 

Glycomics (details provided in Appendix IV) Yes No 
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 Initial biochemical measurements that were performed during the field work 

included 10 of the most common clinical parameters, including: total cholesterol, 

LDL, HDL, triglycerides, glucose, haemoglobin A1C (HbA1c), calcium, uric acid, 

creatinine, albumin and insulin. These results were also reported back to the 

examinees. Details on the measurements are also provided in the Appendix II.  

 Two sets of additional analyses were made from the serum samples – 

metabolomics, including lipidomics and N-glycans. Lipid species were quantified by 

electrospray ionization tandem mass spectrometry (ESI-MS/MS), in which samples 

were analyzed by direct flow injection using a precursor ion scan of m/z 184 specific 

for phosphocholine containing lipids including phosphatidyl-choline, sphingomyelin 

and lysophosphatidyl-choline (314, 315). Quantification was achieved by calibration 

lines generated by the addition of naturally occurring lipid species to plasma and 

internal standards belonging to the same lipid class. Correction of isotopic overlap of 

lipid species as well as data analysis was performed by self programmed Excel 

macros. Analyses were performed in the Department of Clinical Chemistry and 

Laboratory Medicine of Regensburg University, Germany.  

 Glycans were analysed in a complex protocol, including initial labelling, 

followed by the hydrophilic interaction high performance liquid chromatography 

(HILIC), weak anion exchange (WAX)-HPLC and sialidase digestion. This allowed 

to over 35 different classes of N-glycans be separated and quantified. For the purposes 

of this study only the first 29 glycans of the analysed protocol were used, falling into 

two broad groups, G and DG. The analysis was performed in the Dublin-Oxford 

Glycobiology Lab, NIBRT, Conway Institute, University College Dublin, Ireland. 

The details of the entire process, quantification and basic characteristics of these 

glycans are provided elsewhere (316). 

 All potential examinees were given an information leaflet prior to the 

inclusion. Those who decided to participate in the study signed informed consent. The 

ethical approval for this study was granted by the relevant Ethical Committees in both 

Croatia and Scotland.  
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3.3. Derived variables 

Based on the available data, several variables were derived and were used in 

subsequent analyses. These mainly included covariates that might have confounded 

the variables of interest.  

Age and gender were used as covariates in all multivariate models. 

Furthermore, a set of commonly used covariates included socioeconomic status, years 

of schooling, dietary indices, physical activity estimates, smoking and alcohol.  

Socioeconomic status was scored as the equally weighted sum of answers to 

question 88 of the questionnaire, which consisted of 16 items (including ownership of 

water pipeline [as opposed to the water supply from wells and cisterns], 2 TV 

receivers, toilet that can be flushed, dishwasher, bathroom, computer, gas or central 

heating, art paintings or pottery items, wooden floors, more than 100 books, 

telephone, car, video receiver, cottage or a second apartment, freezer and boat). 

Answers to this question were summed up and transformed into quartiles, which were 

used in the analysis, similar to the previously published study (317). Years of 

schooling were obtained directly from the questionnaire, without any derivation. 

Lastly, occupation was scored as either white or blue collared (where all manual 

labour was treated as the blue-collared occupation group).  

Dietary indices were classified in two distinct variables, healthy dietary 

pattern [HDP] and unhealthy dietary pattern [UHDP]. Healthy dietary pattern was 

scored on the consumption of items usually associated with healthier lifestyles or a 

Mediterranean diet type, including intake of white and oily fish, seafood, use of olive 

oil or avoidance of fat use in food preparation. A unhealthy diet pattern was based on 

the questions related to animal fat intake, red meat and meat derivates consumption 

(including sausages, salami, animal fat and butter). Both dietary patterns were scored 

as the sum of all answers related to that question (where daily intake was scored as 5, 

while the lack of intake of specific food type was scored as 0) and used in analyses as 

continuous variable.  

Physical activity was scored as the equally weighted average of questions on 

self-assessed physical activity during working days and leisure time. Smoking was 

scored as multistage variable, where non-smokers were scored as zeros, while for 

smokers pack-years were calculated. Alcohol consumption was scored according to 
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the daily unit intake (where the unit was treated as the pint of beer, a glass of wine, or 

small cup of hard liquor).  

  

 

3.4. Genealogy reconstruction and pedigree information 

 In both the Vis and Korcula studies immediate information on parental and 

grandparental names, dates and places of birth was obtained from the examinees 

alongside their questionnaires. This information was initially used for quality control 

procedures, but later it was also used to classify examinees into grandparental 

birthplace clusters (GBC), which were used as the proxy for genealogical information 

on inbreeding and parental relatedness. Examinees from Vis Island were classified in 

seven GBC groups with progressively reduced expected homozygosity according to 

their demographic history. The highest homozygosity estimates were expected in the 

village of Okljucna, which is a small and isolated outback settlement on the island. 

Secondly, Komiza is a larger village which is also isolated, but experienced more 

immigration than Okljucna. The third group consisted of the central villages, which 

have throughout history been equally engaged in both larger villages, Komiza and 

Vis. The fourth group consisted of examinees whose all four grandparents originated 

from Vis, while the fifth one was mixed, with at least one grandparent from the island 

or at least one grandparent from the rest of Croatia. Finally, the last two groups 

consisted of examinees whose all four grandparents originated from the rest of Croatia 

or other countries.  

 In the Korcula study such clusters were not available due to the small amount 

of expected differences among the investigated villages. Due to this, clusters were 

defined on the basis of single village origin, mixed origin and other places, thus 

resulting in formation of nine clusters: all four grandparents from the villages of 

Pupnat, Korcula, Lumbarda, Zrnovo, Racisce, from other villages on Korcula, those 

with mixed origin, from other Croatia and from other countries.  

 Additionally, in the Vis Island study, Parish records were used for inferring 

the relationships among examinees. Parish records were obtained from the Croatian 

State Archives. Due to the extensiveness of the search, the Croatian State Archive 

provided scanned versions of three types of Parish records: Status animarum (which is 

a list of “souls”, containing information for each person, his or her parents and 
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siblings, place and date of birth and death and other relevant information, thus 

resembling a census of population format), Book of births and Book of deaths. All 

three sources were available for the period of approximately 1700-1950, but the 

quality of scans and original documents did not allow for reconstruction of 

genealogical links that were older than 1850. This resulted in a relatively shallow 

form of genealogy with generally available information for four generations back. All 

information from the Status animarum was entered into a specifically designed 

Microsoft Access database, which was organised similarly to pedigree file format and 

contained information on the book reference (indication of the source information), 

father ID, mother ID, individual ID, gender, surname, name and code for those who 

participated in the study. All three IDs were entered as twelve-digit unique codes 

(actually, the codes were only unique for the column of the individual ID, as any 

given person could have been a parent more than once), which consisted of eight 

digits for the date of birth (in a form of YYYYMMDD), gender digit, 2 village digits 

and a reserve digit (the last digit was usually ‘0’, but in cases where all previous digits 

were the same for previously entered person this digit changed to consecutive 

numbers denoting different individuals). The completed genealogical information 

contained a total of 9,331 records of individuals. Finally, as most genealogy software 

does not accept such length of a single variable, all unique codes were recoded into 

consecutive numbers while retaining their uniqueness and relations with the 

remaining individuals in the file.  

 

3.5. Genotyping 

DNA was extracted from the leucocyte samples provided by all examinees, 

which were frozen on site at a temperature of -70°C and then sent to the lab for 

extraction. Extraction was done by Nucleon kits, in the Institute for Anthropological 

Research in Zagreb, Croatia for Vis Island, while the extraction for Korcula study was 

performed by the Medical School, University of Split. 

SNP genotyping for the Vis Island examinees was performed using 317,053 

markers from the HumanHap 300 (version 1), with a total of 986 examinees. After a 

quality control procedure a total of 9,636 markers were excluded due to the low minor 

allele frequency (0.1), thus reducing the marker set to 308,140 SNPs. Additionally, 
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only the autosomal markers for which a genetic location was available from Illumina 

were included, reducing the SNP marker set to a total of 302,662 markers (considered 

as the full marker count in this study).  

Korcula study genotyping was performed with HumanHap CNV370, with 

more SNP markers (346,027). In order to allow for better comparison, a similar 

quality control screen was applied with the marker set reduced to match the one from 

the Vis Island study and utilize markers for which a physical location was available.  
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3.6. Statistical analysis 

 Data entry was performed in both studies using Microsoft Excel, with an 

included validation option (disallowing the users to enter the values which were not 

available for that field). Furthermore, logical and range checks were made for the 

entire dataset. Logical checks were made for each examinee, checking that impossible 

combinations were not typed in (i.e. men with menstrual cycle information, etc.). 

Range checks were applied for every numerical variable, making sure that impossible 

values were not entered in the entire dataset (usually numbers that fell out of the 

biological or other ranges). The entire process and result was carefully documented 

for the Korcula study and a detailed data dictionary was developed (available in the 

supplementary digital material).  

Basic descriptive statistics were used to provide the initial information on the 

data, with either the mean with standard deviation used for normally distributed data 

or a median and interquartile range (the difference between 75
th

 and 25
th

 percentile) 

for non-normally distributed numerical data. Categorical data were reported as the 

number and percentage. Additionally, two data mining methods were used in the 

initial analysis. Hierarchical clustering was used in the analysis of the similarity 

between different heterozygosity estimates. The models were based on the squared 

euclidian distance between and among variables, which enabled these variables to be 

compared based on the rescaled distance in the cluster. Additionally, k-means 

clustering was used to validate which heterozygosity estimate showed the strongest 

association with the grandparental birthplace clustering. This type of analysis is a 

method of cluster analysis which aims to partition n observations into k clusters in 

which each observation belongs to the cluster with the nearest mean (318). The model 

parameters were set at 10 iterations. Both data mining procedures were performed 

using SPSS version 13.0 (Statistical Package for Social Sciences, SPSS Inc, Chicago, 

IL).  

 Initial statistics were performed using bivariate statistics, including chi-square 

test for categorical data and a t-test or Mann-Whitney test for numerical data 

(depending on the data distribution). Furthermore, either ANOVA or the Kruskal-

Wallis test were used for comparisons of more than two groups. Non-parametric 

correlations were used (Spearman’s rank test). Additionally, in some cases euclidian 

distance (or squared euclidian distance) was calculated as the measure of the 
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dissimilarity between two or more variables. Trends were analysed with the linear 

curve fit and display of ANOVA table in the model parameter analysis. For these 

analyses, SPSS version 13.0 was used (SPSS Inc, Chicago, IL), with P<0.05 

considered significant. 

 In order to allow correction of relatedness among the examinees (due to 

extensive family relationships, especially in Vis study) mixed models were used, 

using Sequential Oligogenic Linkage Analysis Routines (SOLAR), version 4.1.0 

(319). Predictor variables were derived from the questionnaires to cover the broad 

range of most common confounding variables associated with diseases of late onset. 

Mixed model analysis requires that the outcome variable has a normal distribution. In 

order to correct for this, all variables that were showing non-normal data distributions 

were transformed using rank transformation based on Tukey’s formula, where each 

transformed value is obtained from the formula r’=(r-1/3)/(w+1/3), where r denotes 

rank and w denotes the sum of case weights. Ties were replaced by the mean values.  

 In order to analyse genetic structure and relatedness within each study sample 

the Structure algorithm was used, version 2.2. One set of randomly selected 3,181 

markers was used (roughly one percent of the marker set). The Structure model was 

based on the default suggested parameters, allowing for admixture events, calculating 

parameters from the data and using 100,000 burn-in iterations and 100,000 MCMC 

repeats. Model parameters in all cases included the use of an admixture model, 

inferring alpha parameters from the population, setting the basic alpha (Dirichlet 

Parameter for Degree of Admixture) to 1.0, usage of the same alpha for all 

populations and allele frequencies that are correlated among populations. 

Visualisation was performed using the Structure based graphical output.  

 Quality control for the genetic data in both studies was performed in PLINK 

version 1.01, using several routines including marker selection, genotyping rates and 

basic data management. All selections for both markers and examinees for the SNP 

data were also made using PLINK, including the sub-selection of markers for detailed 

analyses (76).  

 Five different heterozygosity measures were calculated using Perl scripts. The 

first is the proportion of heterozygous loci among the genotyped loci, entitled 

multilocus heterozygosity (MLH) (sometimes this is also called observed 

heterozygosity or mean observed heterozygosity). Following this procedure, two 

single-point methods that are based on different calculation and weighting approaches 
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were used: FADC and FPLINK, the former initially described in microsatellites and the 

latter in SNPs (60, 76). Although these two methods are different in calculation 

approach (FPLINK relies on the genome-wide expected homozygosity, while FADC is 

based on the summation of locus-based homozygosity information), both methods 

provide similar information in the rearranged form and were shown to be highly 

correlated. A weighted approach for FADC was used, in which estimates are weighted 

by the inverse of their variance in order to obtain more precise estimates. Finally, two 

maximum likelihood approaches were calculated, one singlepoint (FEstimSPT) and 

the other multipoint (FEstim), based on the hidden Markov model for marker 

dependencies (79, 80).  

In order to investigate changes of the heterozygosity estimates in relation to 

various amounts of linkage disequilibrium (LD) and to provide the appropriate dataset 

for FEstim, a marker set was selected to utilize the most informative markers with LD 

removed. This was done using MASEL, which selects markers based on LD while 

maximizing for marker information content, genome coverage and set size (320). Two 

different LD thresholds were applied: r
2
≤0.1 (M0.1) which selected 55,439 SNPs 

(approximately 18% of the full marker count) and r
2
≤0.05 (M0.05) which selected 

17,890 SNPs (approximately 6% of the full marker count) (a list of these SNPs is 

available in the supplementary digital material). The LD was computed from the 

HapMap CEU individuals over 10Mb (321). All heterozygosity estimates were 

performed in three different marker sets – the full set, MASEL 0.1 (M0.1) and 

MASEL 0.05 (M0.05).  Allele frequencies were estimated on all individuals 

from both samples by naive counting (this was performed in a Perl script). 

Furthermore, in order to compare the effects of various allele frequency counting 

approaches in SNPs, two more calculations were made, one using founder allele 

frequencies (where founders were defined as individuals for whom the parents were 

unknown from the genealogies) and the other using allele frequencies calculated from 

the HapMap CEU founders sample, release 22 (N=60) (321).  
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4. RESULTS 

 

4.1. Characteristics of the study population 

 

A total of 1,043 individuals were recruited in Vis Island sample. Out of these, 

genotyping information was available for 986 examinees. A total of 409 of the 

genotyped examinees were men (41.5%) and 577 were women (58.5%). Median age 

for men was 57.0 years (interquartile range 21.0 years), while median age for women 

was 56.0 years (interquartile range 25.0 years).  

A total of 969 examinees from Korcula Island were also involved in the study. 

Genotyping data was available for 944 of them, among whom there were 336 men 

(35.6%) and 608 women (64.4%). Median age for men was 59.0 years (interquartile 

range 21.0 years), while for women it was 56.0 years (interquartile range 18.0 years). 

Thus the total number of examinees were included in this study was 1,930.  

 Initial genealogical information from Vis Island indicated that a total of 573 

(58.1%) individuals were linked to at least one other genotyped individual (meaning 

that the total of 413 or 41.9% individuals were singletons, i.e. their parents were not 

genotyped or they were unknown based on the genealogical information). These 

examinees whose parents were unknown from the genealogy were formally treated as 

founders. In the Korcula Island sample a total of 283 (30.0%) examinees were linked 

into families, while 661 (70.0%) were treated as founders. Given that the place of 

birth of the genotyped examinees may be misleading regarding demographic origin 

and information on endogamy (most of the island-related births today take place in 

the regional medical centres, in Split for Vis-related births and in Dubrovnik for 

Korcula-related births), grandparental place of birth was enumerated instead (where 

each grandparent was considered independently, i.e. all four grandparents were 

enumerated for each examinee). The most numerous grandparental place of birth in 

Vis Island sample came from Komiza village, which was followed by Vis village 

(Table 4.1). The most numerous non-Croatian grandparental place of birth was 

recorded from Bosnia and Herzegovina and Serbia (Table 4.1). Similar results were 

recorded in the Korcula Island sample, with notably more examinees whose 

grandparents originated from other countries (Table 4.1).  
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Table 4.1. Sample breakdown according to the grandparental place of birth 
for Vis and Korcula Island sample examinees (where each grandparent was 
considered and enumerated independently) 

Place of grandparental birth Vis Island Korcula Island 

 Number  Percent  Number  Percent  

Vis Island, subtotal 2,447 62.0 17 0.5 

Komiza  1,205 30.6 5 0.1 

Vis  685 17.4 9 0.2 

Okljucna  129 3.3 - - 

Podhumlje  108 2.7 - - 

Podspilje  77 2.0 - - 

Zena glava  57 1.4 - - 

Other Vis 186 4.7 3 0.1 

Korcula Island, subtotal 16 0.4 2,589 68.6 

Korcula  11 0.3 348 9.3 

Zrnovo  - - 950 25.4 

Racisce  - - 308 8.2 

Lumbarda  - - 268 7.2 

Blato  3 0.1 182 4.9 

Vela luka  2 0.1 109 2.9 

Pupnat  - - 100 2.7 

Smokvica  - - 77 2.1 

Cara  - - 35 0.9 

Other Korcula  - - 54 1.4 

Other Southern Dalmatian islands 212 5.4 54 1.4 

Southern Dalmatia  517 13.1 378 10.0 

Croatia, other 254 6.4 161 4.3 

Other countries, subtotal 339 8.6 507 13.4 

Bosnia and Herzegovina  144 3.7 287 7.7 

Serbia  109 2.8 128 3.4 

Slovenia  31 0.8 17 0.5 

Macedonia  8 0.2 9 0.2 

Montenegro  - - 9 0.2 

Germany  11 0.3 - - 

Ukraine  7 0.2 - - 

Panama  6 0.2 - - 

Italy  - - 29 0.8 

Hungary  - - 6 0.2 

Albania  - - 4 0.1 

Chile  - - 4 0.1 

Ireland  - - 4 0.1 

Other  23 0.6 10 0.3 

Unknown 159 4.0 228 6.0 

Total number 3,944 100.0 3,776 100.0 
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 Classification of the examinees into grandparental birthplace clusters (GBC) 

indicated that the Vis Island sample had a total of 47.0% of autochthonous island 

origin (this was calculated as the single value for every examinee, based on all four 

grandparents’ place of birth), 24.5% of mixed GBC and a total of 28.5% of 

immigrants (Table 4.2). Similarly, the Korcula Island sample consisted of 47.1% of 

autochthonous examinees, 16.2% with mixed origin and 36.9% of immigrants (Table 

4.2).  

 

Table 4.2. Grandparental birthplace classification of examinees according to 
the expectedly increasing heterozygosity in seven clusters in Vis Island 
sample and nine clusters in Korcula Island sample 

GBC Description N % 

Vis Island sample   
I All four grandparents from Okljucna 17 1.7 

II All four grandparents from Komiza 247 25.1 

III All four grandparents from the central villages 70 7.1 

IV All four grandparents from Vis 129 13.1 

V Mixed origin  242 24.5 

VI All four grandparents from the rest of Croatia 219 22.2 

VII All four grandparents from the other countries 62 6.3 

 Vis Island sample total 986 100.0 

Korcula Island sample   
I All four grandparents from Racisce 68 7.2 
II All four grandparents from Pupnat 30 3.2 
III All four grandparents from Lumbarda 66 7.0 
IV All four grandparents from Zrnovo 143 15.1 
V All four grandparents from Korcula 89 9.4 
VI All four grandparents from other villages on Korcula  50 5.3 
VII Mixed origin  152 16.1 
VIII All four grandparents from other parts of Croatia 184 19.5 
IX All four grandparents from other countries 162 17.2 

 Korcula Island sample total  944 100.0 
 

 

Due to the fact that Vis Island sample consisted of two different sub-samples 

(examinees who were recruited in Komiza and Vis villages), the Vis Island sample 

was further assessed in order to investigate whether it was genetically homogenous. In 

order to do this, a random set of 3,181 SNP markers across the genome were selected 

(only autosomal markers were used). Homogeneity of the sample was analysed in the 

Structure algorithm, which attempts to assign each examinee to the distinct source 

population based on the genetic marker data only. Examinees are assigned to a cluster 
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which is represented by the different colour. The model that was created and used in 

the initial analysis allowed admixture events and assumed that allele frequencies were 

correlated (other parameters were set to default, in order to provide as simple as 

possible an initial model). In the model K denotes the number of putative distinct 

populations that are required to input before the model is run. The analysis on the 

entire Vis Island sample did not indicate substantial differences between examinees 

from Komiza and Vis (Figure 4.1), which was in line with historical records of the 

island population dynamics. A similar result was obtained from the same marker set 

applied to the Korcula Island data, suggesting no substantial structuring (Figure 4.2).  

 

 

 

Figure 4.1. Vis Island sample structuring based on the 3,181 randomly 
selected autosomal SNP markers (original sampling order). Each individual is 
represented by the vertical line, with varying contribution for each cluster 
(marked by the different amount of each colour, which represents a distinctive 
cluster). K denotes the number of putative populations within the sample.  
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Figure 4.2. Korcula Island sample structuring based on the 3,181 randomly 
selected autosomal SNP markers (original sampling order). 
 

 

However, when both Vis and Korcula Island samples were rearranged by the 

grandparental birthplace clusters, structuring was observed in both samples (Figure 

3.3 and 3.4). This structuring was more strongly expressed in the Vis sample, with 

Okljucna as the most distinctive cluster, relatively well distinguished Komiza from 

the other samples, while the remaining clusters were more alike (notably, the first half 

of the mixed cluster belongs to the examinees who were sampled in Komiza, while 

the second half of the same cluster have been sampled in Vis, suggesting that the 

difference within this cluster are due to varying content of the Komiza and Vis 

contributions) (Figure 4.3).   

Breakdown according to grandparental cluster in Korcula yielded much less 

structuring, with the notable exception of examinees from Racisce and some 

structuring observed among those from Zrnovo (Figure 4.4).  
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Figure 4.3. Vis Island sample structuring based on the 3,181 randomly 
selected autosomal SNP markers (ordered according to grandparental 
birthplace clusters). 
 
 

 

Figure 4.4. Korcula Island sample structuring based on the 3,181 randomly 
selected autosomal SNP markers (ordered according to grandparental 
birthplace clusters). 
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4.2. Descriptors of the heterozygosity estimates 

 

Initial descriptive statistics of various heterozygosity estimates suggested that 

the median MLH was 0.339 in Vis Island sample, while that from the Korcula Island 

sample was 0.348 (Table 4.3). Sub-selection by MASEL increased the values of MLH 

in both samples, as MASEL selects only the most informative and the most 

heterozygous makers. Other measures were not strongly affected by the changes of 

the marker set, with the notable exception of FEstim, where the M0.05 threshold 

caused a substantial change in relation to the M0.1 threshold (Table 4.3). The extent 

of variation measured by the interquartile range indicated that, in general, variation 

was greatest in the M0.05 selection, and lowest in the full marker count estimates, 

with the exception of MLH in the Vis Island sample (Table 4.3).  

 

 

Table 4.3. Descriptive statistics of various heterozygosity estimates and 
marker sets for Vis Island and Korcula Island samples 
 Vis Island study Korcula Island study 

Method  Median (IR) Mean±StDev Median (IR) Mean±StDev 

MLH 0.339 (0.012) 0.339±0.009 0.348 (0.006) 0.347±0.006 
MLH, M0.1 0.348 (0.008) 0.347±0.008 0.352 (0.007) 0.351±0.006 
MLH, M0.05 0.381 (0.009) 0.380±0.009 0.385 (0.008) 0.384±0.008 
FPLINK 0.011 (0.019) 0.014±0.018 0.010 (0.015) 0.015±0.021 
FPLINK, M0.1 0.011 (0.020) 0.014±0.018 0.009 (0.018) 0.013±0.018 
FPLINK, M0.05 0.012 (0.023) 0.014±0.019 0.009 (0.021) 0.011±0.020 
FADC 0.011 (0.018) 0.014±0.017 0.011 (0.012) 0.014±0.022 
FADC, M0.1 0.011 (0.019) 0.014±0.017 0.009 (0.018) 0.012±0.018 
FADC, M0.05 0.012 (0.022) 0.014±0.018 0.008 (0.021) 0.011±0.019 
FEstimSPT 0.009 (0.019) 0.013±0.015 0.007 (0.015) 0.011±0.013 
FEstimSPT, M0.1 0.009 (0.019) 0.013±0.015 0.006 (0.016) 0.012±0.013 
FEstimSPT, M0.05 0.010 (0.021) 0.013±0.015 0.007 (0.016) 0.012±0.013 
FEstim, M0.1 0.020 (0.010) 0.020±0.011 0.016 (0.011) 0.015±0.011 
FEstim, M0.05 0.007 (0.016) 0.010±0.012 0.004 (0.007) 0.007±0.012 

IR – interquartile range, StDev - standard deviation. 

 

Detailed analysis of the MLH was initially performed, due to its robust nature 

and the possibility to directly compare the values from different populations. A 

comparison of the Vis and Korcula Island samples with the CEU-HapMap founders 

revealed that all three samples were showing significant differences to one another 

(P<0.001), with the lowest MLH recorded in Vis and the highest among the CEU-

HapMap founders. Breakdown according to the chromosomes and calculation of the 

chromosome-based MLH confirmed that both Vis and Korcula Island examinees had 
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a lower MLH than CEU-HapMap founders (Table 4.4). The reduction of the MLH in 

the more homozygous Vis Island sample was most strongly expressed in 

chromosomes 3 and 13, a finding that was also recorded in the Korcula Island sample, 

although to somewhat lesser extent (Table 4.4). Comparison of Vis with Korcula 

revealed significant difference for every chromosome, with the greatest differences in 

the smaller chromosomes, while among the larger chromosomes the strongest 

difference was recorded in chromosomes 3 and 4 (Table 4.4). Overall results indicated 

that Vis was significantly different from the CEU-HapMap in all chromosome-based 

MLH estimates, while the Korcula Island sample deviated in only 15 of them, with 8 

significant at the level of P<0.001 (Table 4.4).  

 

Table 4.4. Chromosome-based MLH estimates from the Vis and Korcula 
Island samples and CEU-HapMap founders; median (interquartile range) 

Chrom-
osome 

Vis Island 
(V) 

Korcula Island 
(K) 

CEU-HapMap 
(C) 

Contrasts (Mann-Whitney Z 
absolute value) 

    V vs. C K vs. C V vs. K 

Chr. 1 0.344 (0.012) 0.348 (0.012) 0.353 (0.010) 7.02** 4.34** 7.70** 

Chr. 2 0.346 (0.013) 0.345 (0.014) 0.353 (0.010) 5.66** 3.05* 7.39** 

Chr. 3 0.347 (0.013) 0.350 (0.015) 0.357 (0.009) 8.31** 5.72** 8.49** 

Chr. 4 0.347 (0.013) 0.348 (0.013) 0.352 (0.010) 4.36** 0.96 8.50** 

Chr. 5 0.346 (0.013) 0.347 (0.015) 0.353 (0.008) 6.29** 3.93** 6.29** 

Chr. 6 0.341 (0.013) 0.345 (0.016) 0.350 (0.012) 6.77** 4.61** 6.67** 

Chr. 7 0.346 (0.013) 0.349 (0.017) 0.353 (0.010) 5.32** 2.44* 7.58** 

Chr. 8 0.348 (0.015) 0.351 (0.014) 0.353 (0.012) 5.19** 2.98* 6.23** 

Chr. 9 0.347 (0.014) 0.350 (0.016) 0.354 (0.012) 5.00** 3.76** 3.65** 

Chr. 10 0.342 (0.014) 0.348 (0.016) 0.350 (0.012) 5.85** 3.88** 5.91** 

Chr. 11 0.347 (0.014) 0.354 (0.017) 0.354 (0.010) 5.21** 3.17* 4.67** 

Chr. 12 0.345 (0.014) 0.349 (0.012) 0.352 (0.013) 4.96** 3.54** 4.52** 

Chr. 13 0.343 (0.015) 0.346 (0.016) 0.353 (0.012) 7.49** 5.38** 6.14** 

Chr. 14 0.339 (0.015) 0.347 (0.020) 0.344 (0.010) 4.57** 1.19 8.14** 

Chr. 15 0.348 (0.016) 0.354 (0.022) 0.354 (0.012) 3.16* 2.31* 2.10* 

Chr. 16 0.347 (0.017) 0.351 (0.012) 0.353 (0.014) 3.77** 1.50 6.45** 

Chr. 17 0.346 (0.017) 0.352 (0.013) 0.353 (0.012) 4.74** 2.09* 6.99** 

Chr. 18 0.345 (0.017) 0.349 (0.013) 0.351 (0.017) 4.64** 3.21* 4.32** 

Chr. 19 0.348 (0.019) 0.344 (0.012) 0.356 (0.015) 4.26** 0.76 9.41** 

Chr. 20 0.342 (0.017) 0.350 (0.013) 0.346 (0.015) 2.47* 0.14 7.03** 

Chr. 21 0.344 (0.018) 0.351 (0.014) 0.348 (0.014) 3.16* 1.35 4.90** 

Chr. 22 0.348 (0.020) 0.349 (0.013) 0.353 (0.017) 3.61** 1.05 6.93** 

*significant at the level of P<0.05; **significant at the level of P<0.001; V - Vis Island sample, 
K - Korcula Island sample; C - CEU-HapMap sample  
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 Correlation between each chromosome-based MLH estimate in the Vis Island 

sample (a total of 231 chromosome pairs were analysed) suggested that the median of 

Spearman correlation coefficients was 0.19 (range 0.10-0.31), with all correlations 

being significant at the level of P<0.001 (data not shown). However, in the Korcula 

Island sample the correlation coefficients were lower with a median value for all 

chromosome pairs of 0.16 (range 0.05-0.26); among the 231 chromosome pairs there 

were only 72 that were significant at the level of P<0.001 and 98 that were significant 

at the level of P<0.05, with notably greater number of significant correlations among 

lower chromosome numbers (Figure 4.5).  
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Figure 4.5. Correlation coefficients between chromosome-based MLH pairs in 
Korcula Island sample (Spearman rank test for each chromosome pair). 
 

 

 Additionally, FPLINK and FADC were also calculated for every chromosome. 

The correlation between chromosome-based estimates in Vis Island sample was on a 

similar scale as for the MLH; the FADC median correlation coefficient (for all 

chromosome pairs) was 0.17 (range 0.09-0.29), the FPLINK median correlation 

coefficient was 0.19 (range 0.11-0.31) (all correlation coefficients were significant at 
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the level of P<0.001). The median correlation coefficient for the Korcula Island 

sample was much lower; 0.12 for FADC (range -0.01 to 0.23; a total of 219 out of 231 

correlations were significant) and 0.12 for FPLINK (range 0.01-0.24; a total of 221 

significant out of 231).  

Squared euclidian distance was calculated for every chromosome-based MLH 

vs. the full marker count MLH. This analysis suggested that mean dissimilarity 

between any chromosome and full marker count MLH was in the range of 0.13-0.37 

and showed the least dissimilarity between MLH calculated from the full marker 

count and chromosome 1. For other chromosomes a linear trend of increasing 

dissimilarity was recorded with the increase in the chromosome number, with almost 

four times greater dissimilarity in chromosome 22 compared to chromosome 1 vs. full 

count MLH, confirming that the number of markers is the main determinant of the 

heterozygosity measure precision (Figure 4.6).  
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Figure 4.6. Squared euclidian distance between MLH calculated in the full 
marker count and each chromosome in the Vis Island sample, indicating 
increasingly higher dissimilarity in higher number chromosomes (due to a 
lower number of markers per chromosome and consequently higher standard 
errors that reduce the strength of association with MLH calculated in the full 
marker count). 
 

 The number of successfully genotyped markers substantially affected some 

heterozygosity estimates. In terms of MLH, a strongly significant cubic trend was 

recorded, marked by increase in the MLH with reduction of the number of genotyped 

markers in both the Vis and Korcula Island samples (Vis Island sample: β=0.64, 

P=0.004; Korcula Island sample: β=1.13, P<0.001) (Figure 4.7). A similar trend was 
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recorded in the two remaining MLH measures, but with lesser magnitude (Vis Island 

sample: MLH, M0.1 β=0.90, P<0.001; MLH, M0.05 β=1.01, P<0.001; Korcula Island 

sample: MLH, M0.1 β=0.99, P<0.001; MLH, M0.05 β=0.91, P<0.001; all these 

estimates were calculated in all the available examinees, i.e. no genotyping threshold 

rate was applied).  

 

Figure 4.7. Cubic regression curve fit of the MLH (full marker count) and 
number of successfully genotyped markers in the Korcula Island sample. The 
full line is the cubic fitted line, while dashed lines are 95% CI for that fitted 
line. 
 

 

The FEstim group seemed not to be affected by the missing markers in the 

same way as all other measures did; neither FEstimSPT nor FEstim showed 

significant cubic trend with the number of genotyped SNP markers in both the M0.1 

and M0.05 selections (FEstimSPT: β=0.11, P=0.615; FEstim β=-0.10, P=0.707, and 

FEstimSPT: β=-0.05, P=0.832; FEstim β=0.33, P=0.177, respectively). FEstim trends 

were insignificant even when all zero values were removed, suggesting that FEstim 

methods were less prone to biases due to low genotyping rates (data not shown). 
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4.3. Comparison of different heterozygosity measures 

 

Initial analysis of the five investigated heterozygosity estimates was 

performed using data mining in order to examine their relatedness (performed in the 

Vis Island sample and later compared to one from the Korcula Island sample). The 

hierarchical clustering algorithm procedure was applied to all heterozygosity 

estimates. Initial solution of all five heterozygosity estimates entered in the model 

simultaneously indicated that MLH was showing the greatest differences from other 

methods, which were clustered very closely to one another (Figure 4.8a). MLH was 

excluded from the subsequent model, in order to provide more precise classification 

of the remaining four methods. The model suggested the result that was similar to the 

methodological background of all these four methods; FEstim was classified as the 

first element that was the most distant from other methods, FEstimSPT was classified 

as the middle element, while FADC and FPLINK were clustered closely together (Figure 

4.8b). 

 

a)  b) 

 

 

 

Figure 4.8. Hierarchical clustering algorithm (dendrogram) used to infer 
similarity between heterozygosity measures, with either a) all five measures or 
b) MLH removed. Hierarchical clustering was based on the between-groups 
linkage and a squared euclidian distance calculation between cluster 
members. 
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Subsequent clustering with all measures calculated in three different marker 

sets (full marker count, MASEL 0.1 and MASEL 0.05) again showed clear 

segregation of MLH from other measures, and was therefore excluded from the 

subsequent analyses. Among the remaining methods, FEstim, M0.1 was the most 

distant from all other estimates, followed by the FEstim, M0.05 (Figure 4.9). 

FEstimSPT was in the middle between FEstim group and other single-point methods 

(Figure 4.9). Other singlepoint approaches were clustered in the end of the 

dendrogram, with M0.05 estimates being closer to the FEstim group (Figure 4.9).  

 

 

Figure 4.9. Hierarchical clustering algorithm (dendrogram) used to infer 
differences between the four investigated heterozygosity measures (MLH was 
excluded), calculated in three different marker sets (full count [without label], 
M0.1 and M0.05). Hierarchical clustering was based on the between-groups 
linkage and squared euclidian distance calculation between cluster members. 
 

 

Analysis of each measure separately (except FEstim) indicated that M0.05 

selection was always more distant than the remaining two, full marker count and 

M0.1 selection (data not shown). Results for the available measures in Korcula Island 

study yielded similar results (data not shown).  
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Following, all heterozygosity methods were compared within the same marker 

selection (full marker count and two MASEL selections, the less restrictive, M0.1 and 

more restrictive one, M0.05). Correlation coefficients for the full marker count were 

relatively high for the singlepoint approaches (with the exception of FEstimSPT), to 

the point of almost identical values of FPLINK and FADC (Table 4.5). In the less 

restrictive MASEL selection values of correlation coefficients for singlepoint 

measures rose up to complete or almost absolute correlation and the correlation 

coefficients with FEstimSPT also increased (Table 4.5). However, FEstim 

correlations were still in the range of 0.4-0.6 (Table 4.5). Even more restrictive 

MASEL selection yielded further increase in the singlepoint measures correlation 

coefficients and no substantial change in the FEstim correlation coefficients (Table 

4.5). It should be noted that all correlation coefficients in these comparisons were 

significant at the level of P<0.001. 

 

Table 4.5. Correlation coefficients between the investigated five 
heterozygosity methods calculated in three marker selection sets (full marker 
count, M0.1 and M0.05). Values in the brackets are those from the Korcula 
Island sample  

  FPLINK FADC FEstimSPT FEstim 

MLH  -0.72 (-0.99) -0.71 (-0.98) -0.58 (-0.49) * 

FPLINK   0.99 (0.98) 0.76 (0.66) * Full marker count 

FADC    0.80 (0.79) * 

MLH  -1.00 (-0.99) -0.99 (-0.99) -0.78 (-0.83) -0.51 (-0.45) 

FPLINK   0.99 (0.99) 0.77 (0.79) 0.44 (0.41) 

FADC   0.89 (0.85) 0.46 (0.41) 
M0.1 

FEstimSPT    0.56 (0.48) 

MLH  -1.00 (-0.99) -0.99 (-0.99) -0.82 (-0.75) -0.55 (-0.51) 

FPLINK   0.99 (0.99) 0.80 (0.76) 0.52 (0.47) 

FADC   0.83 (0.71) 0.52 (0.46) 
M0.05 

FEstimSPT    0.49 (0.42) 

All FPLINK and FADC values that were negative were set to zero in correlations with FEstim, in 
order to allow proper comparisons since FEstim sets all negative values to zero;  
*FEstim was not calculated for the entire marker set due to LD. 

 

 

All methods were further compared between different marker sets. MLH 

seemed to be substantially affected by the changes in the marker set, what is again the 

consequence of the most informative and hence mostly heterozygous markers being 

selected by M0.1 and M0.05 (Table 4.6). Neither of the singlepoint approaches 

seemed to be substantially affected, although FEstimSPT correlation coefficients for 

full count and M0.05 and two MASEL selections were lower than the other (Table 4.6). 
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However, FEstim was substantially affected by the selection, with correlation 

coefficient of only 0.31 between two MASEL selections (Table 4.6). Interestingly, the 

correlation coefficients in Korcula Island study were largely different from the Vis 

Island study in the full count vs. M0.1 and to some extent even the full count vs. 

M0.05, while they were very similar in the M0.1 vs. M0.05, as was especially 

apparent in the case of MLH (Table 4.6). 

 

Table 4.6. Correlation coefficients for heterozygosity methods calculated in 
three different marker selections in the Vis Island study (values in brackets 
are based on the Korcula Island sample) 
 Full count vs. M0.1 Full count vs. M0.05 M0.1 vs. M0.05 

 R R R 

MLH 0.70 (0.92) 0.63 (0.84) 0.85 (0.81) 
FPLINK 0.94 (0.91) 0.85 (0.75) 0.84 (0.81) 
FADC 0.93 (0.92) 0.85 (0.75) 0.84 (0.81) 
FEstimSPT 0.82 (0.81) 0.75 (0.70) 0.75 (0.71) 
FEstim - - 0.31 (0.28) 

*All correlations were significant at the level of P<0.001. 

 

 

Comparison of the heterozygosity estimates between examinees that were 

linked to others in the study (family-linked) and singletons revealed that some 

methods were not showing significant differences (MLH), others were showing lower 

heterozygosity in family-linked examinees (FPLINK, FADC), while the complete FEstim 

group (with the notable exception of FEstim M0.05) showing higher heterozygosity in 

family-linked examinees (Table 4.7).  

 
Table 4.7. Comparison of the individual genome-wide homozygosity 
estimates in family-linked individuals and singletons  
 Vis Island study Korcula Island study 

Method 
Family-linked 
(median [IR]) 

Singletons 
(median [IR]) P 

Family-linked 
(median [IR]) 

Singletons 
(median [IR]) P 

MLH 0.339 (0.012) 0.340 (0.012) 0.127 0.348 (0.007) 0.348 (0.006) 0.721 

MLH, M0.1 0.348 (0.007) 0.349 (0.007) 0.069 0.352 (0.008) 0.352 (0.006) 0.918 

MLH, M0.05 0.381 (0.009) 0.382 (0.008) 0.111 0.385 (0.009) 0.385 (0.008) 0.910 

FPLINK 0.011 (0.020) 0.011 (0.018) 0.097 0.011 (0.018) 0.010 (0.023) 0.950 

FPLINK, M0.1 0.012 (0.021) 0.010 (0.019) 0.046 0.008 (0.020) 0.009 (0.017) 0.814 

FPLINK, M0.05 0.013 (0.023) 0.011 (0.022) 0.087 0.008 (0.023) 0.008 (0.016) 0.902 

FADC 0.011 (0.019) 0.011 (0.017) <0.001 0.010 (0.021) 0.010 (0.022) 0.917 

FADC, M0.1 0.012 (0.020) 0.011 (0.018) <0.001 0.009 (0.015) 0.008 (0.017) 0.774 

FADC, M0.05 0.012 (0.023) 0.011 (0.021) <0.001 0.009 (0.019) 0.009 (0.013) 0.690 

FEstimSPT 0.007 (0.017) 0.011 (0.020) 0.001 0.005 (0.014) 0.009 (0.015) 0.031 

FEstimSPT, M0.1 0.007 (0.018) 0.012 (0.019) <0.001 0.006 (0.013) 0.010 (0.014) 0.007 

FEstimSPT, M0.05 0.009 (0.020) 0.012 (0.021) 0.061 0.007 (0.016) 0.011 (0.014) 0.027 

FEstim, M0.1 0.019 (0.009) 0.020 (0.010) 0.052 0.016 (0.011) 0.018 (0.012) 0.093 

FEstim, M0.05 0.009 (0.016) 0.006 (0.014) 0.002 0.004 (0.013) 0.003 (0.011) 0.381 
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Comparison of the sibling estimates (a total of 149 pairs were identified in Vis 

Island sample and 83 in Korcula Island sample) showed that none of the investigated 

heterozygosity methods was indicating significant difference between siblings (Table 

4.8).  

 

Table 4.8. Comparison of the sibling values for various heterozygosity 
estimates 

 Vis Island study Korcula Island study 

Measure Z* P Z* P 

MLH -0.74 0.460 -0.68 0.496 

MLH, M0.1 -0.18 0.855 -0.56 0.573 

MLH, M0.05 -0.23 0.815 -0.47 0.642 

FPLINK -0.44 0.658 -0.81 0.416 

FPLINK, M0.1 -0.17 0.862 -0.67 0.500 

FPLINK, M0.05 -0.21 0.836 -0.51 0.612 

FADC -0.06 0.953 -0.80 0.421 

FADC, M0.1 -0.46 0.647 -0.73 0.469 

FADC, M0.05 -0.20 0.838 -0.49 0.625 

FEstimSPT -0.10 0.921 -0.61 0.851 

FEstimSPT, M0.1 -0.64 0.525 -0.75 0.248 

FEstimSPT, M0.05 -0.16 0.875 -0.18 0.818 

FEstim, M0.1 -1.00 0.316 -0.16 0.971 

FEstim, M0.05 -0.04 0.972 -0.12 0.861 

*Wilcoxon rank test. 

 

The use of three different approaches in allele frequency estimation for FADC 

and FPLINK yielded very high or absolute correlation coefficients for both full marker 

count (r=0.99) and even for 3,181 randomly selected markers (r=0.99) for all three 

estimates (estimates were based on naive counting, allele frequency counting and 

CEU-HapMap allele frequencies for the same marker set). When even lesser number 

of markers (50 randomly selected markers across the genome) was used in order to 

compare the values of FADC and FPLINK calculated using different allele frequencies 

estimations (naive counting vs. CEU-HapMap), the correlation coefficients remained 

extremely high (r=0.99 for FPLINK and r=0.96 for FADC), suggesting that a sufficient 

sample size, allele frequencies estimation is insignificant for these measures.  

Analysis of heterozygosity estimates depending on the grandparental 

birthplace clusters (GBC) indicated that all methods were showing significant 

differences at the group level (Kruskal-Wallis P<0.001 for both the Vis and Korcula 

Island samples, for all heterozygosity estimation methods). In terms of FADC, an 

additional measure was calculated, standard error, which showed somewhat stronger 
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association with the grandparental origin cluster than the weighted FADC approach 

(Spearman r=-0.34, P<0.001 for FADCSE; r=-0.23, P<0.001 for FADC).  

In general, heterozygosity estimates were showing an increasing pattern in line 

with the expected increase in the heterozygosity with increase in the GBC number (or 

decrease in case of homozygosity measures) (Figure 4.10). Interestingly, even the 

most robust method (MLH) showed lower values in the last two clusters (‘other 

Croatia’ and ‘other countries’) than ‘mixed’ cluster, suggesting that even the MLH in 

the full marker set was available to define that some examinnes from the mixed 

cluster were more heterozygous than those from the last two clusters (Figure 4.10).  
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Figure 4.10. Multilocus heterozygosity (MLH) depending on the grandparental 
birthplace clusters in Vis and Korcula Island samples. Values on the figure are 
P-values for pair-wise comparisons of each neighbouring cluster MLH 
estimates (Mann-Whitney test).  
 

  

 In order to investigate which of the heterozygosity measures was most 

strongly associated with the grandparental birthplace cluster, all five methods were 

entered into the k-means clustering model (based on Vis Island data only, due to 

lower average genome-wide heterozygosity levels). The results indicated that 

examinees from Komiza were the most likely to be clustered within a single group 

(suggesting within-group homogeneity and between-group heterogeneity), by any of 

the heterozygosity estimate (data not shown). Among the five heterozygosity 

measures that were initially used, FEstim M0.05 had the highest similarity with the 
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GBC, suggesting that FEstim was the best method to cluster individuals according to 

their individual genome-wide heterozygosity, with vector correlation that was as 

much as seven times greater than FPLINK and twice greater than MLH (Table 4.9). 

Additionally, second highest vector correlation was recorded for FPLINK and FADC, 

suggesting further similarity between these two methods (Table 4.9). Similar result 

was obtained from Korcula Island sample, with notably lesser vector correlations 

suggesting lower chances of correctly classifying individuals into the GBC clusters 

based on the heterozygosity data only (data not shown).  

 

Table 4.9. Correlation between vectors of values for the grandparental 
birthplace cluster and heterozygosity classification based on k-means 
clustering, aiming to predict GBC cluster membership based on the individual 
genome-wide heterozygosity information only (calculated for the Vis Island 
sample only) 

  MLH FPLINK FADC FEstimSPT FEstim, M0.05 

GBC 0.17 -0.05 -0.11 0.08 -0.38 
MLH   0.16 -0.03 -0.02 -0.21 

FPLINK   0.30 0.27 0.15 

FADC    0.08 0.14 

FEstimSPT     0.24 

 

 

In order to describe characteristics of the inbred examinees, FEstim M0.05 

was used to classify all examinees in two groups. Classification was based on the 

percentile groups, in a way that all examinees who were in the arbitrary set 0’-89’ 

percentile were considered not to be inbred, while those in the 90’-100’ were 

considered to be inbred. By doing this, a total of 95 examinees were considered to be 

inbred, with significantly more inbred examinees from Okljucna (χ
2
=19.87, P<0.001) 

and Komiza (χ
2
=30.58, P<0.001). Multivariate model indicated that these examinees 

were more likely to be in the 65+ age group (odds ratio 3.50, 95% CI [1.02-12.75]), or 

to be from Okljucna (24.66 [2.42-251.33]) or Komiza (9.47 [1.25-72.00]). 

Additionally, these examinees were less likely to be in the higher socioeconomic 

status group (0.51 [0.25-0.97]). At the same time, no difference in gender distribution, 

occupation or education was recorded (Table 4.10).  

Similar transformation was made with the FADC, in the way that the lowest 

10% of the examinees were selected (those were the examinees who generally had 

negative FADC values, denoting outbreeding), and considered to be outbred (due to the 
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fact that FEstim sets all outbreeding to zero FADC was used to provide the estimates). 

A total of 92 examinees were selected and similar type of analysis was performed. 

The results suggested that outbred examinees were less homogenous group, what 

resulted in lesser number of significant associations. These included lower odds of 

being outbred in the elderly groups (although this was significant only for the 40-54 

years old, but the trend was suggestive for gradual decrease with increasing age), 

higher years of schooling, and lower odds if the examinee originated from Komiza 

(grandparental cluster was also indicative for trend, except that admixed examinees 

were much more likely to be classified as outbred based on the odds ratio, but this 

result was also insignificant) (Table 4.10). 

 

Table 4.10. Predictors associated with examinees who were classified as 
inbred (falling into the 90’ or higher percentile of FEstim, M0.05) or outbred 
(falling into the lowest 10’ of FADC), Vis Island sample – logistic regression 

 Lower 10% (inbred) Upper 10% (outbred) 

Feature % P OR [95% CI] % P OR [95% CI] 

Gender       

Men [Ref.] 10.0 0.525 1.00 9.8 0.527 1.00 

Women 9.5  1.19 [0.70-2.00] 10.3  1.16 [0.70-1.92] 

Age group       

18-39 [Ref.] 3.0 0.321  1.00 18.9 0.206  1.00 

40-54 6.8 0.312 1.94 [0.54-7.05] 9.2 0.026 0.43 [0.21-0.90] 

55-64 9.1 0.144 2.57 [0.72-9.10] 10.3 0.162 0.60 [0.29-1.23] 

65 and more 13.7 0.048 3.50 [1.02-12.75] 8.7 0.612 0.81 [0.35-1.84] 

Occupation       

Blue collar [Ref.] 9.8 0.958 1.00 10.5 0.268 1.00 

White collar 9.2  0.98 [0.51-1.90] 10.7  0.70 [0.37-1.32] 

Years of schooling - 0.819 0.99 [0.90-1.09] - 0.049 1.10 [1.01-1.21] 

Socio-economic status    

Lowest quartile 
[Ref.] 

9.6 0.127  1.00 9.7 0.927  1.00 

Second quartile 10.6 0.035 0.43 [0.20-0.94] 9.0 0.562 0.81 [0.40-1.65] 

Third quartile 7.1 0.284 0.69 [0.35-1.36] 8.9 0.584 0.82 [0.41-1.66] 

Fourth quartile 11.2 0.049 0.51 [0.25-0.97] 12.2 0.813 0.92 [0.45-1.87] 

Grandparental origin cluster    

Other countries 
[Ref.] 

1.6 <0.001  1.00 13.0 0.003 1.00 

Okljucna 41.2 0.007 24.66 [2.42-251.33] 5.9 0.756 0.70 [0.07-6.81] 

Komiza 18.6 0.030 9.47 [1.25-72.00] 3.7 0.024 0.27 [0.08-0.84] 

Central villages 15.7 0.070 7.16 [0.85-60.21] 12.2 0.680 0.77 [0.22-2.71] 

Vis 5.4 0.375 2.64 [0.31-22.68] 10.3 0.497 0.67 [0.21-2.12] 

Mixed 4.1 0.464 2.19 [0.27-17.91] 17.2 0.408 1.50 [0.57-3.94] 

Other Croatia 5.9 0.334 2.80 [0.35-22.71] 8.5 0.453 0.67 [0.24-1.90] 
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 Similar results were obtained in the Korcula Island sample, where inbred 

examinees were more likely to be within a grandparental cluster originating from 

Racisce, Pupnat or Lumbarda, while the remaining variables were not significantly 

associated with inbreeding (Table 4.11). Outbred examinees from Korcula were only 

more likely to be in the youngest age group (Table 4.11).  

 

 

Table 4.11. Predictors associated with examinees who were classified as 
inbred (falling into the 90’ or higher percentile of FEstim, M0.05) or outbred 
(falling into the lowest 10’ of FADC), Korcula Island sample – logistic regression 

 Lower 10% (inbred) Upper 10% (outbred) 

Feature % P OR [95% CI] % P OR [95% CI] 

Gender       

Men [Ref.] 11.9  1.00 8.6  1.00 

Women 8.9 0.536 0.85 [0.50-1.43] 10.9 0.334 1.28 [0.78-2.11] 

Age group       

18-39 [Ref.] 2.6 0.410 1.00  22.4 0.017 1.00  

40-54 9.3 0.139 3.26 [0.68-15.56] 7.8 0.003 0.30 [0.14-0.66] 

55-64 9.0 0.323 2.17 [0.47-10.06] 10.6 0.009 0.41 [0.21-0.80] 

65 and more 13.8 0.338 2.18 [0.43-10.66] 7.6 0.020 0.39 [0.18-0.86] 

Occupation       

Blue collar [Ref.] 11.4  1.00 10.8  1.00 

White collar 6.1 0.343 0.76 [0.43-1.34] 8.1 0.067 0.58 [0.32-1.04] 

Years of schooling - 0.348 0.96 [0.87-1.05] - 0.702 1.01 [0.95-1.07] 

Socio-economic status     

Lowest quartile 
[Ref.] 

11.3 0.083 1.00 9.7 0.357 1.00  

Second quartile 10.2 0.789 1.09 [0.58-2.06] 9.0 0.681 0.88 [0.48-1.62] 

Third quartile 11.3 0.189 1.60 [0.79-3.21] 9.3 0.600 0.84 [0.43-1.62] 

Fourth quartile 3.8 0.088 0.36 [0.11-1.16] 15.0 0.241 1.51 [0.76-3.02] 

Grandparental origin cluster     

Other countries 
[Ref.] 

2.8 <0.001 1.00  9.0 0.201  1.00 

Racisce 44.1 <0.001 23.36 [7.49-72.91] 2.9 0.402 0.52 [0.11-2.43] 

Pupnat 40.0 <0.001 25.67 [7.07-93.19] 10.0 0.484 1.64 [0.41-6.61] 

Lumbarda 16.7 0.003 6.46 [1.92-21.74] 3.0 0.149 0.32 [0.07-1.50] 

Zrnovo 9.8 0.034 3.58 [1.10-11.62] 7.7 0.486 0.73 [0.31-1.77] 

Korcula 5.6 0.234 2.28 [0.59-8.89] 7.9 0.593 0.77 [0.29-2.04] 

Other Korcula  2.0 * * 8.0 0.512 0.67 [0.20-2.25] 

Mixed origin  2.0 0.760 0.79 [0.17-3.65] 15.1 0.224 1.59 [0.75-3.36] 

Other Croatia 5.4 0.221 2.11 [0.64-7.03] 14.1 0.368 1.40 [0.67-2.92] 

*No examinee was recorded in this group.  
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4.4. Heterozygosity-fitness correlations 

 

 Heterozygosity-fitness correlations (HFCs) were made in multivariate 

methods, adjusting for the effects of age and gender, or even more covariates in some 

analyses. Five levels of HFCs analysis were made – HFCs at the level of (i) 

lipidomics, (ii) glycans, (iii) biochemical parameters, (iv) anthropometric traits and 

finally, (v) discrete traits and diseases.  

At the first level, lipidomics, a total of 113 out of 377 investigated traits 

(30.0%) showed significant association with inbreeding (significant at the level of 

P<0.05); a total of 31 of them (8.2% of all lipidomic traits) were significant at the 

level of P<0.001 (Table 4.12). Median R
2
 for inbreeding in all lipidomic traits was 

0.1, for those that were significantly associated at the level of P<0.05 median R
2
 was 

0.6, while for those associated at the level of P<0.001 median R
2
 was 1.4. The highest 

R
2
 was recorded in Lpcp 13 (2.9%) and Lpcp 9 (2.3%) (Table 4.12; the table contains 

only significant association of inbreeding with lipidomic traits; the full table with all 

the investigated traits is available in the supplementary digital material).  

 

Table 4.12. The selection of the significant associations of inbreeding and 
lipidomic traits in Vis Island sample, adjusting for the effects of age and gender 

Lipidomic Age Sex Inbreeding 

 F P F P F P R
2 
(%) 

spm_2 59.51 <0.001 94.69 <0.001 5.84 0.016 0.4 

spm_6 32.26 <0.001 83.37 <0.001 5.50 0.019 0.4 

spm_7 2.09 0.148 145.40 <0.001 4.38 0.037 0.3 

spm_14 32.80 <0.001 92.51 <0.001 6.28 0.012 0.4 

spm_15 13.26 <0.001 10.76 0.001 11.32 0.001 0.9 

spm_17 52.74 <0.001 199.26 <0.001 7.08 0.008 0.5 

spm_18 33.30 <0.001 73.79 <0.001 9.32 0.002 0.7 

spm_23 17.63 <0.001 0.49 0.484 8.91 0.003 0.7 

spm_sat 61.91 <0.001 40.92 <0.001 5.68 0.017 0.3 

spm_poly 93.55 <0.001 82.39 <0.001 4.59 0.032 0.3 

spm_unsa 86.97 <0.001 98.00 <0.001 4.23 0.040 0.3 

spm_tot 79.73 <0.001 70.63 <0.001 5.41 0.020 0.3 

spmp_3 71.91 <0.001 69.54 <0.001 4.73 0.030 0.4 

spmp_9 16.76 <0.001 0.36 0.551 4.97 0.026 0.4 

spmp_16 13.10 <0.001 14.31 <0.001 4.98 0.026 0.4 

spmp_24 18.90 <0.001 133.06 <0.001 5.14 0.024 0.3 

Plasm_3 16.55 <0.001 13.43 <0.001 12.08 0.001 1.1 

Plasm_5 36.44 <0.001 4.11 0.043 5.70 0.017 0.5 

The table continues on the next page
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Table 4.12. – continuation from the previous page 

Lipidomic Age Sex Inbreeding 

 F P F P F P R
2 
(%) 

Plasm_9 15.01 <0.001 7.39 0.007 12.99 <0.001 1.3 

Plasm_11 37.06 <0.001 0.37 0.545 9.12 0.003 0.8 

Plasm_14 11.25 0.001 6.07 0.014 12.07 0.001 1.1 

Plasm_16 18.36 <0.001 0.08 0.772 8.91 0.003 0.9 

plsp_1 1.28 0.257 19.65 <0.001 6.12 0.014 0.4 

plsp_3 26.37 <0.001 19.94 <0.001 19.22 <0.001 1.7 

plsp_4 6.16 0.013 12.04 0.001 8.53 0.004 0.7 

plsp_5 84.58 <0.001 12.50 <0.001 11.39 0.001 1.1 

plsp_9 22.62 <0.001 11.55 0.001 20.26 <0.001 1.9 

plsp_10 27.31 <0.001 0.15 0.694 6.46 0.011 0.5 

plsp_11 77.46 <0.001 0.00 0.968 17.06 <0.001 1.5 

plsp_12 0.24 0.627 26.07 <0.001 5.16 0.023 0.4 

plsp_14 16.49 <0.001 8.77 0.003 18.07 <0.001 1.7 

plsp_15 56.68 <0.001 0.10 0.750 8.25 0.004 0.6 

plsp_16 42.17 <0.001 0.00 0.949 20.35 <0.001 2.1 

lpc_8 2.28 0.132 23.86 <0.001 18.73 <0.001 1.8 

lpc_12 0.47 0.494 10.64 0.001 18.91 <0.001 1.8 

lpc_13 20.92 <0.001 1.86 0.173 6.25 0.013 0.5 

lpc_14 16.92 <0.001 8.68 0.003 4.91 0.027 0.3 

lpcp_9 8.77 0.003 9.31 0.002 22.05 <0.001 2.3 

lpcp_13 9.21 0.002 0.00 0.972 26.47 <0.001 2.9 

lpcp_14 12.05 0.001 7.00 0.008 8.75 0.003 0.9 

spmBYcer 1.96 0.161 46.90 <0.001 4.12 0.043 0.4 

pc_4 8.11 0.004 0.00 0.970 4.49 0.034 0.3 

pc_9 0.01 0.931 15.93 <0.001 4.04 0.045 0.3 

pc_20 1.54 0.215 58.54 <0.001 7.28 0.007 0.6 

pc_21 20.21 <0.001 135.72 <0.001 5.18 0.023 0.3 

pc_23 2.11 0.147 1.29 0.256 4.33 0.038 0.4 

pc_24 29.72 <0.001 9.57 0.002 11.81 0.001 1.2 

pc_26 45.59 <0.001 32.93 <0.001 5.97 0.015 0.4 

pc_30 0.00 0.948 2.82 0.093 5.38 0.021 0.4 

pc_31 4.93 0.027 35.71 <0.001 13.20 <0.001 1.1 

pc_36 70.35 <0.001 1.63 0.203 6.99 0.008 0.6 

pc_38 10.16 0.001 7.55 0.006 5.16 0.023 0.4 

pc_45 0.49 0.486 12.97 <0.001 7.86 0.005 0.8 

pc_47 95.95 <0.001 2.08 0.149 6.51 0.011 0.5 

pc_55 2.21 0.138 4.04 0.045 11.44 0.001 1.1 

pc_alkyl 3.48 0.062 39.92 <0.001 7.33 0.007 0.6 

pcp_sat 11.40 0.001 16.68 <0.001 7.73 0.006 0.7 

pcp_alkyl 58.31 <0.001 16.64 <0.001 4.94 0.026 0.4 

pcp_20 19.18 <0.001 38.99 <0.001 5.05 0.025 0.4 

pcp_23 1.73 0.189 4.66 0.031 5.97 0.015 0.6 

pcp_24 11.78 0.001 17.35 <0.001 18.13 <0.001 1.7 

pcp_26 8.70 0.003 41.35 <0.001 8.94 0.003 0.8 

pcp_31 83.44 <0.001 19.06 <0.001 10.91 0.001 1.0 

pcp_36 24.30 <0.001 10.33 0.001 18.47 <0.001 1.8 

pcp_38 0.75 0.385 2.07 0.151 4.96 0.026 0.4 

pcp_42 7.07 0.008 0.49 0.482 7.81 0.005 0.7 

The table continues on the next page
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Table 4.12. – continuation from the previous page 

Lipidomic Age Sex Inbreeding 

 F P F P F P R
2 
(%) 

pcp_45 35.83 <0.001 3.80 0.052 6.18 0.013 0.5 

pcp_47 53.02 <0.001 11.97 0.001 16.31 <0.001 1.5 

pcp_55 30.45 <0.001 0.00 0.969 6.93 0.009 0.6 

pcp_sat 11.40 0.001 16.69 <0.001 7.73 0.006 0.7 

pcp_alkyl 58.31 <0.001 16.64 <0.001 4.94 0.026 0.4 

pe_5 31.13 <0.001 2.00 0.158 4.04 0.045 0.3 

pe_7 0.36 0.546 4.02 0.045 4.11 0.043 0.4 

pe_13 16.12 <0.001 0.04 0.850 4.40 0.036 0.4 

pe_19 6.10 0.014 7.66 0.006 5.08 0.024 0.5 

pe_24 0.21 0.649 15.92 <0.001 8.27 0.004 0.8 

pe_26 0.01 0.906 20.82 <0.001 3.97 0.047 0.3 

pe_sat 1.87 0.172 2.45 0.118 4.88 0.027 0.4 

pep_1 14.56 <0.001 5.96 0.015 6.46 0.011 0.6 

pep_3 1.31 0.252 15.12 <0.001 7.68 0.006 0.7 

pep_7 17.62 <0.001 16.06 <0.001 8.57 0.004 0.8 

pep_8 0.59 0.443 19.29 <0.001 15.20 <0.001 1.4 

pep_10 9.70 0.002 6.63 0.010 4.10 0.043 0.3 

pep_11 2.10 0.148 11.01 0.001 4.64 0.031 0.4 

pep_13 0.03 0.861 4.38 0.037 7.95 0.005 0.8 

pep_14 23.58 <0.001 21.96 <0.001 12.83 <0.001 1.1 

pep_16 22.08 <0.001 23.84 <0.001 4.38 0.037 0.4 

pep_18 10.51 0.001 2.70 0.101 4.85 0.028 0.4 

pep_19 7.25 0.007 0.35 0.555 10.15 0.001 0.9 

pep_20 0.56 0.455 15.40 <0.001 4.41 0.036 0.3 

pep_21 53.15 <0.001 3.22 0.073 9.46 0.002 0.8 

pep_24 21.81 <0.001 1.25 0.265 11.58 0.001 1.1 

pep_25 8.67 0.003 1.55 0.213 6.38 0.012 0.5 

pep_26 12.32 <0.001 1.25 0.265 5.52 0.019 0.5 

pep_sat 11.06 0.001 20.44 <0.001 10.79 0.001 1.0 

pep_poly 5.90 0.015 120.79 <0.001 4.93 0.027 0.4 

pep_unsa 3.03 0.082 0.07 0.788 12.01 0.001 1.0 

pep_alkyl 0.22 0.638 3.96 0.047 7.21 0.007 0.6 

cer_1 19.19 <0.001 27.12 <0.001 8.34 0.004 0.8 

cer_4 54.18 <0.001 13.97 <0.001 9.16 0.003 0.8 

cer_5 98.96 <0.001 35.71 <0.001 10.72 0.001 0.9 

cer_6 111.35 <0.001 11.03 0.001 11.72 0.001 1.0 

cer_7 54.33 <0.001 3.95 0.047 18.68 <0.001 1.8 

cer_sat 70.19 <0.001 2.20 0.138 16.17 <0.001 1.5 

cer_unsa 111.35 <0.001 11.03 0.001 11.72 0.001 1.0 

cer_tot 86.39 <0.001 0.23 0.633 16.75 <0.001 1.5 

cerp_2 3.54 0.060 19.81 <0.001 14.10 <0.001 1.3 

cerp_3 0.15 0.695 4.88 0.027 4.29 0.039 0.3 

cerp_7 1.68 0.195 50.59 <0.001 7.05 0.008 0.6 

cerp_8 38.42 <0.001 21.40 <0.001 6.76 0.009 0.6 

cerp_glu 17.97 <0.001 5.37 0.021 4.95 0.026 0.4 

Abbreviations: spm – sphyngomyelin; plasm – plasmalogen; lpc- lysophosphatidylcholines; pc 
– phosphatidylcholines; pe- phosphatidylethanolamines; cer- ceramide (details on these traits 
are provided in Appendix IV). 
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The second level analysis (N-glycans) indicated that a total of 6 out of 30 

(20.0%) analysed glycans were significantly associated with inbreeding (FEstim 

M0.05 was used as the inbreeding estimate). Median R2 for inbreeding in all glycans 

was 0.1, while median R2 for inbreeding in glycans which were significantly 

associated with it was 0.5 (Table 4.13). Inbreeding explained the most variance in 

DG11 (1.3%).  

 

Table 4.13. The associations of inbreeding and glycans in Vis Island sample, 
while controlling for the effects of age and gender 

Age Gender Inbreeding Glycan 
type F P F P F P R

2 
(%) 

G1 96.97 <0.001 14.37 <0.001 3.27 0.071 0.2 

G2 317.52 <0.001 7.66 0.006 0.05 0.832 0.1 

G3 133.53 <0.001 4.50 0.034 0.28 0.597 0.1 

G4 4.30 0.038 3.50 0.062 1.45 0.230 0.1 

G5 23.45 <0.001 26.16 <0.001 4.93 0.027 0.3 

G6 258.23 <0.001 0.01 0.932 1.07 0.301 <0.1 

G7 9.98 0.002 0.02 0.883 0.81 0.368 <0.1 

G8 181.14 <0.001 6.21 0.013 0.43 0.514 0.1 

G9 2.45 0.118 4.36 0.037 0.01 0.908 0.1 

G10 7.57 0.006 7.42 0.007 2.49 0.115 0.1 

G11 3.82 0.051 1.38 0.241 0.94 0.333 <0.1 

G12 1.04 0.307 23.50 <0.001 1.61 0.205 0.1 

G13 16.61 <0.001 48.93 <0.001 2.35 0.126 0.2 

G14 51.41 <0.001 26.81 <0.001 4.26 0.039 0.3 

G15 16.91 <0.001 75.45 <0.001 7.97 0.005 0.8 

G16 4.62 0.032 15.07 <0.001 4.22 0.040 0.5 

DG1 88.59 <0.001 13.55 <0.001 0.76 0.383 <0.1 

DG2 328.06 <0.001 6.75 0.010 0.18 0.667 0.1 

DG3 107.80 <0.001 11.17 0.001 2.92 0.088 0.2 

DG4 0.02 0.879 4.76 0.029 2.21 0.138 0.2 

DG5 4.52 0.034 0.07 0.796 1.37 0.242 0.1 

DG6 64.45 <0.001 0.01 0.912 3.20 0.074 0.3 

DG7 0.25 0.618 87.80 <0.001 3.01 0.083 0.2 

DG8 3.77 0.052 82.18 <0.001 3.41 0.065 0.3 

DG9 15.41 <0.001 102.04 <0.001 5.63 0.018 0.4 

DG10 32.45 <0.001 13.06 <0.001 3.20 0.074 0.1 

DG11 0.99 0.320 71.79 <0.001 13.74 <0.001 1.3 

DG12 7.93 0.005 53.15 <0.001 0.16 0.687 <0.1 

DG13 4.94 0.026 6.26 0.013 1.34 0.247 0.1 

R
2
 - percent of explained variance. 

 

The third level analysis, biochemical parameters was performed using a 

broader set of predictor variables, due to known confounding effects, as well as using 

two inbreeding estimates – FADC (full marker count) and FEstim (M0.05). A total of 2 

out of 17 traits (11.8%) traits showed significant association with both measures of 
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inbreeding, both being serum lipids (total cholesterol and triglycerides) (Table 4.14). 

Additionally, HbA1c showed significant association with FEstim only, with a 

relatively higher percentage of explained variance than other for FEstim associations 

(Table 4.14). In total, three out of 17 possibilities for FEstim yielded a significant 

result, suggesting that the percentage of significant associations with inbreeding 

estimates was 17.6%. The percentage of explained variance in these traits for FADC 

was 0.3, while for FEstim median R
2
 was 0.1. However, for significant associations 

the median R
2
 for FADC was 0.4, while for FEstim it was 0.6.  

The fourth level analysis, anthropometric traits, indicated that inbreeding was 

significantly associated only with three skinfold measurements; FADC with biceps 

skinfold, while FEstim was associated with triceps and subscapular skinfolds (Table 

4.15). The percentage of explained variance for all traits for FADC was 0.4 and for 

FEstim 0.1. Accordingly, the only significant percentage of explained variance for 

FADC was 1.7%, while for FEstim median percentage of explained variance for 

significant associations was 0.5 (Table 4.15). Notably, the percentage of explained 

variance for height using FADC was 1.3%, but this association was not significant 

(Table 4.15). The total percent of significant associations for FEstim was 2 out of 13 

possibilities, or 15.4% (Table 4.15).  

Finally, the fifth level analysis (discrete traits and diseases) revealed that 

among the 11 investigated traits FADC was significantly associated only with the 

presence of metabolic syndrome, while FEstim was associated with metabolic 

syndrome and osteoporosis (Table 4.16). The median percentage of explained 

variance for all traits and FADC was 0.4, while the only significant R
2
 for FADC was 

1.4% (Table 4.16). FEstim explained a median of 0.2% of variance for all the traits, 

while the R
2
 for significantly associated traits was 0.5 (Table 4.16).  

The replication of the available results in Korcula Island sample revealed a 

lack of significance for all skinfolds, for any of the biochemical markers and bone 

mineral density as well as osteoporosis (data not shown). The only exception was the 

brachial circumference, which was significantly associated with FEstim M0.05 

(P=0.003, R
2
=0.3%).  
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Table 4.14. Heterozygosity-fitness correlations and percentage of explained variance for the number of investigated biochemical 
markers, controlling for known confounders for the Vis Island sample. Numbers in the columns are P-values from the mixed model 
analysis, while the last two columns are percentages of the explained variance (R2) for FADC (full marker count) and FEstim (M0.05).  
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Cholesterol <0.001 0.019 0.016 0.033 0.438 0.282 0.420 0.155 0.047 0.020 0.5 0.6 

HDL <0.001 0.032 0.452 0.758 0.111 0.548 0.705 0.464 0.722 0.392 0.4 0.1 

LDL <0.001 0.001 0.007 0.256 0.286 0.264 0.134 0.260 0.425 0.202 0.4 0.2 

Triglycerides <0.001 <0.001 0.699 0.003 0.689 0.902 0.469 0.813 0.026 0.006 0.3 0.9 

Uric acid <0.001 <0.001 0.203 0.334 0.067 0.077 0.055 0.982 0.172 0.183 0.5 0.1 

Glucose <0.001 0.001 0.487 0.510 0.832 0.010 0.405 0.030 0.598 0.414 0.2 <0.1 

HbA1c <0.001 0.055 0.411 0.954 0.400 0.698 0.250 0.525 0.179 0.005 0.2 0.6 

Insulin 0.262 0.906 0.028 0.311 0.045 0.024 0.122 0.134 0.282 0.095 0.3 0.2 

Creatinine <0.001 <0.001 0.979 0.682 0.853 0.097 0.039 0.481 0.183 0.851 0.5 0.2 

Calcium 0.001 0.789 0.604 0.249 0.821 0.018 0.374 0.704 0.665 0.154 0.1 0.2 

Albumin <0.001 0.041 0.016 0.121 0.899 0.081 0.143 0.009 0.052 0.886 0.3 <0.1 

Fibrinogen <0.001 <0.001 0.045 <0.001 0.951 0.276 0.516 0.217 0.204 0.170 0.3 0.3 

C-reactive protein <0.001 0.112 0.376 0.185 0.016 0.531 0.819 0.512 0.980 0.724 0.5 <0.1 

dDimer <0.001 <0.001 0.387 0.216 0.768 0.045 0.383 0.924 0.167 0.709 0.6 0.1 

vWF <0.001 <0.001 0.008 0.897 0.207 0.061 0.451 0.092 0.760 0.123 0.2 0.1 

tPA <0.001 <0.001 0.596 0.614 0.032 0.048 0.194 0.269 0.268 0.441 0.3 0.1 

Cortisol 0.001 0.254 0.004 0.299 0.067 0.005 0.092 0.434 0.779 0.800 0.1 <0.1 

* Difference in total R
2
 between full model and model with the heterozygosity estimate removed; HDL – high density lipoprotein, LDL – low density lipoprotein, 

HbA1c – glycosylated haemoglobin (A1C), vWF – von Willebrand factor, tPA – tissue plasminogen activator.  
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Table 4.15. Heterozygosity-fitness correlations and percentage of explained variance for the number of investigated 
anthropometrical traits, controlling for known confounders for the Vis Island sample. Numbers in the columns are P-values from the 
mixed model analysis, while the last two columns are percentages of the explained variance (R2) for FADC (full marker count) and 
FEstim (M0.05).  
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Height <0.001 <0.001 0.912 0.964 0.126 0.003 0.707 0.675 0.887 0.171 1.3 0.1 

Weight 0.066 <0.001 0.933 0.280 <0.001 0.305 0.474 0.109 0.195 0.266 0.1 <0.1 

Mean systolic pressure <0.001 <0.001 0.342 0.022 0.959 0.051 0.240 0.696 0.230 0.782 0.4 <0.1 

Mean diastolic pressure <0.001 <0.001 0.006 0.388 0.464 0.568 0.156 0.379 0.974 0.925 0.5 <0.1 

Waist circumference <0.001 <0.001 0.263 0.536 0.006 0.001 0.899 0.068 0.121 0.245 0.3 0.1 

Hip circumference 0.012 <0.001 0.584 0.060 <0.001 0.657 0.599 0.379 0.376 0.663 0.3 <0.1 

Biceps skinfold <0.001 <0.001 0.937 0.011 0.068 0.068 0.489 0.142 0.045 0.066 1.7 0.6 

Triceps skinfold 0.001 <0.001 0.052 0.077 0.086 0.340 0.384 0.904 0.902 0.039 0.2 0.3 

Subscapular skinfold <0.001 0.040 0.884 0.062 <0.001 0.999 0.012 0.667 0.249 0.036 0.9 0.5 

Suprailiac skinfold 0.435 0.597 0.731 0.064 <0.001 0.558 0.875 0.817 0.330 0.614 0.9 0.1 

Abdominal skinfold <0.001 <0.001 0.570 0.367 <0.001 0.064 0.558 0.301 0.479 0.247 0.8 0.2 

Brachial width <0.001 <0.001 0.188 0.984 0.002 0.755 0.904 0.623 0.060 0.232 0.4 0.1 

Bone mineral density <0.001 <0.001 0.016 0.028 0.004 0.823 0.163 0.045 0.275 0.570 0.2 0.1 

* Difference in total R
2
 between full model and model with the heterozygosity estimate removed. 
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Table 4.16. Heterozygosity-fitness correlations and percentage of explained variance for the number of discrete traits and 
diseases, controlling for known confounders for the Vis Island sample (all of the investigated traits and diseases were coded as the 
binary variables). Numbers in the columns are P-values from the mixed model analysis, while the last two columns are percentages 
of the explained variance (R2) for FADC (full marker count) and FEstim (M0.05).  
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Examinees with children <0.001 <0.001 0.006 0.716 <0.001 0.995 0.691 0.964 0.481 0.445 0.3 0.1 

Examinees who got 
married 

<0.001 <0.001 <0.001 0.894 <0.001 0.667 0.925 0.700 0.138 0.662 0.5 0.2 

Hypertension (BP over 
140 or 90 mmHg) 

<0.001 <0.001 0.346 0.160 0.698 0.079 0.301 0.821 0.862 0.212 0.4 0.2 

Severe hyperglycaemia 
(glucose over 7.0 mmol/L) 

0.001 0.071 0.033 0.483 0.446 0.219 0.913 0.242 0.774 0.911 0.2 0.1 

Obesity (body mass index 
over 30 kg/m

2
) 

0.053 0.412 0.426 0.099 0.002 0.098 0.793 0.063 0.764 0.235 0.4 0.2 

Metabolic syndrome (ATP 
III diagnosis) 

<0.001 <0.001 0.660 0.262 0.094 0.232 0.988 0.384 0.026 0.044 1.4 0.6 

Hypercholesterolaemia 
(over 5.0 mmol/L) 

<0.001 0.182 0.103 0.026 0.654 0.510 0.951 0.157 0.071 0.067 0.9 0.5 

Osteoporosis (T-score 
below -2.5) 

<0.001 <0.001 0.024 0.076 0.005 0.653 0.985 0.827 0.831 0.036 0.4 0.4 

Severe infection reported 0.627 0.428 0.589 0.375 0.473 0.207 0.104 0.046 0.643 0.569 0.3 <0.1 

Delivery (at least one; 
women only) 

<0.001 - <0.001 0.014 0.643 0.981 0.104 0.789 0.419 0.632 0.7 0.2 

Spontaneous abortions or 
stillbirths (women only) 

0.017 - 0.389 0.026 0.018 0.011 0.591 0.270 0.247 0.277 0.2 <0.1 

* Difference in total R
2
 between full model and model with the heterozygosity estimate removed. 
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Detailed analysis of the skinfolds indicated that examinees with higher 

inbreeding coefficients in Vis Island sample were having lower values of skinfolds 

(Table 4.17).  

 

Table 4.17. Breakdown of the selected traits medians according to the 
heterozygosity percentile group, Vis Island sample 

FADC FEstim, M0.05 Trait; median 
(interquartile 
range) 0-24’ 25-49’ 50-75’ 75-100’ 0-49’ 50-74’ 75-89’ 90-100’ 

Biceps 
skinfold 178.0 155.0 141.5 106.0 162.0 146.0 116.0 122.0 
 (202.5) (175.0) (153.8) (139.0) (172.5) (164.0) (134.8) (136.0) 

Triceps 
skinfold 203.0 202.0 194.5 165.0 198.0 184.0 186.0 184.0 
 (156.8) (159.0) (158.5) (160.5) (159.0) (162.0) (161.8) (179.0) 

210.0 230.0 225.5 204.0 220.0 226.0 218.0 220.0 Subscapular 
skinfold (140.5) (148.0) (120.0) (111.5) (146.5) (122.0) (111.5) (154.0) 

Cholesterol 5.0 4.8 5.2 5.1 4.9 5.2 5.1 5.0 
 (1.3) (1.3) (1.3) (1.1) (1.3) (1.2) (1.1) (1.3) 

Triglycerides 1.4 1.4 1.4 1.4 1.4 1.5 1.4 1.5 
 (0.8) (0.9) (1.1) (1.0) (1.0) (1.1) (1.0) (0.8) 

HbA1c 5.3 5.2 5.3 5.4 5.3 5.4 5.3 5.3 
 (0.6) (0.6) (0.6) (0.6) (0.6) (0.7) (0.5) (0.7) 

Albumin 45.0 45.0 44.0 44.0 45.0 45.0 44.0 44.0 
 (5.0) (4.5) (3.0) (4.0) (5.0) (5.0) (4.0) (3.0) 

 

  

Correlation of skinfolds and other traits related to the fat amount suggested 

that all of these traits were significantly correlated at the level of P<0.001, with a 

single exception of triceps skinfold and weight (Table 4.18). Furthermore, 

association of biceps and triceps skinfolds with both weight and body mass index 

were substantially smaller than other measures (in the range of 0.30 while most of 

other correlation coefficients were higher) (Table 4.18). Additionally, both triceps 

and biceps skinfolds were showing negative association with brachial width (Table 

4.18). Similar results were obtained from the Korcula study, with additional 

insignificant associations of brachial width with additional skinfolds (Table 4.18).  
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Table 4.18. Correlation coefficients for various traits associated with the fat 
tissue amount in Vis and Korcula Island studies 
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Vis study          

Weight 0.77 0.62 0.15 0.04* 0.50 0.53 0.52 0.66 0.77 

Waist circumference  0.65 0.23 0.24 0.53 0.51 0.69 0.44 0.87 

Hip circumference   0.40 0.48 0.52 0.55 0.58 0.22 0.73 

Biceps skinfold    0.74 0.63 0.54 0.39 -0.14 0.35 

Triceps skinfold     0.48 0.42 0.46 -0.30 0.39 

Subscapular skinfold      0.71 0.56 0.15 0.61 

Suprailiac skinfold       0.65 0.18 0.59 

Abdominal skinfold        0.15 0.70 

Brachial width         0.36 

Korcula study          

Weight 0.81 0.70 0.11 0.12 0.37 0.39 0.42 0.59 0.76 

Waist circumference  0.66 0.24 0.19 0.46 0.42 0.52 0.42 0.82 

Hip circumference   0.46 0.48 0.46 0.54 0.57 0.17 0.74 

Biceps skinfold    0.66 0.54 0.51 0.51 -0.25 0.41 

Triceps skinfold     0.50 0.50 0.51 -0.20 0.36 

Subscapular skinfold      0.55 0.53 0.07* 0.57 

Suprailiac skinfold       0.61 -0.04* 0.47 

Abdominal skinfold        0.03* 0.56 

Brachial width         0.34 

*All correlations were significant at the level of P<0.001, except those marked by an asterisk 

  

Fluctuating asymmetry was assessed from the three systolic blood pressure 

measurement (ankle-brachial pressure index measurement) – brachial artery, dorsal 

foot artery (arteria dorsalis pedis) and posterior tibial artery. Fluctuating asymmetry 

was calculated as the difference of 20% or more or 30% or more variation in the ratio 

of the measurement performed in the left and right side of the examinee’s body. The 

results indicated that in cases in the Vis Island sample odds ratios were higher than 

one, suggesting that inbreeding contributes to the fluctuating asymmetry in humans, 

and that the result was significant for the dorsal foot artery, with odds ratio for 

fluctuating asymmetry of 3.01 for the 20% FA, and 1.05 for 30% FA (Table 4.19).  
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Table 4.19. Fluctuating asymmetry (FA) in systolic blood pressure 
measurements at three locations – logistic regression 

  20% or more FA 30% or more FA 
  P OR [95% CI] P OR [95% CI] 

Vis Island sample     

Age <0.001 1.08 [1.05-1.11] 0.003 1.08 [1.03-1.14] 

Gender     

Men [Ref.]  1.00  1.00 

Women 0.094 0.56 [0.28-1.11] 0.041 0.29 [0.09-0.95] 

Inbreeding     

Non-inbred [Ref.]  1.00  1.00 

Posterior 
tibial artery 

Inbred 0.698 1.22 [0.45-3.30] 0.271 2.12 [0.56-8.10] 

Age <0.001 1.06 [1.03-1.09] 0.566 0.77 [0.32-1.86] 

Gender     

Men [Ref.]  1.00  1.00 

Women 0.149 0.61 [0.31-1.19] <0.001 0.78 [0.26-5.27] 

Inbreeding     

Non-inbred [Ref.]  1.00  1.00 

Dorsal foot 
artery 

Inbred 0.005 3.01 [1.38-6.53] 0.004 1.05 [1.02-1.09] 

Age 0.342 0.97 [0.92-1.03] 0.994 1.02 [0.98-1.06] 

Gender     

Men [Ref.]  1.00  1.00 

Women 0.337 2.93 [0.33-9.45] 0.079 2.54 [0.90-7.22] 

Inbreeding     

Non-inbred [Ref.]  1.00  1.00 

Brachial 
artery 

Inbred 0.997 1.23 [0.31-3.48] 0.286 1.16 [0.89-1.51] 

Korcula Island sample     

Age 0.731 1.00 [0.98-1.02] 0.725 1.00 [0.97-1.02] 

Gender     

Men [Ref.]     

Women 0.510 0.83 [0.48-1.43] 0.257 0.64 [0.30-1.38] 

Inbreeding     

Non-inbred [Ref.]     

Posterior 
tibial artery 

Inbred 0.171 1.66 [0.80-3.40] 0.591 1.35 [0.45-4.00] 

Age 0.813  1.00 [0.99-1.02] 0.323 1.01 [0.99-1.04] 

Gender     

Men [Ref.]     

Women 0.103 0.67 [0.41-1.09] 0.016 0.41 [0.20-0.85] 

Inbreeding     

Non-inbred [Ref.]     

Dorsal foot 
artery 

Inbred 0.773 1.12 [0.53-2.33] 0.678 0.77 [0.23-2.61] 

Age 0.084 0.98 [0.96-1.03] 0.787 1.00 [0.97-1.04] 

Gender     

Men [Ref.]     

Women 0.773 1.02 [0.57-2.14] 0.728 1.19 [0.45-3.23] 

Inbreeding     

Non-inbred [Ref.]     

Brachial 
artery 

Inbred 0.721 1.19 [0.45-3.14] 0.146 2.33 [0.74-7.30] 
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5. DISCUSSION 

 

The results of this study suggest that individual genome-wide heterozygosity 

in humans might be considered as a health-related risk factor: a risk factor in cases of 

inbreeding and a protective factor in cases of outbreeding. This is especially the case 

in some special populations, such as isolates and populations practising specific 

marriage patterns. Accordingly, outbreeding might be considered as protective and 

beneficial for humans and could be contributing to the existence of some of the 

secular changes (155, 191, 282). 

One of the main ideas presented here is that both inbreeding depression and 

heterosis are phenotypic changes resulting from changes in the single property, 

individual genome-wide heterozygosity. Although such an idea is not new (75), the 

number of research studies that employ this approach (simultaneously investigating 

both inbreeding and outbreeding) is actually quite small. This is mainly due to the 

inability of the research method to provide sufficient information on the entire 

spectrum of heterozygosity (both inbreeding and outbreeding), due to either research 

interest that is focused on inbreeding depression, or the inability of the method to 

provide heterozygosity estimates (notably, FEstim). The main result of this situation 

is that the methodological framework is suffering substantial power reduction and the 

information used in the analysis is sub-optimal. Therefore, one of the main 

suggestions for future studies would be that changes in individual genome-wide 

heterozygosity must be treated as continuous spectrum of both inbreeding and 

outbreeding and that individuals who provide information on both ends of this 

spectrum might be those who are most likely to provide a substantial contribution to 

the research question.  

However, the results from plant and animal studies suggest that there may be 

a number of different mechanisms in place, which can make detection of inbreeding 

depression and heterosis very difficult. Firstly, it has already been presented here that 

inbreeding and outbreeding may occur simultaneously (36), that some species might 

have high inbreeding coefficients and still not suffer from inbreeding depression 

(inbreeding tolerance) (31), that even substantial admixture may not always be 

beneficial (outbreeding depression) (35), that the appropriate methodological 
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framework must be undertaken (61) in a sufficiently powered dataset (112) and that a 

number of confounding effects must be taken into account when researchers perform 

heterozygosity-fitness correlations (120). This means that even when this framework 

is satisfied and the methodological approach is optimal, researchers may still have 

difficulties in explaining any positive or even a null-result, as it may be the 

consequence of a plethora of different phenomena. If we then add a completely new 

dimension into this framework, that IGWH may not be the factor that is associated 

with inbreeding depression and heterosis (71, 114, 118, 119), the framework 

becomes extremely complex.  

 

5.1. Measuring individual genome-wide heterozygosity 

One of the main findings related to the measurements of the IGWH is the 

large number of potential ways and approaches that do not seem to provide similar 

information and yet seem to be correlated at a moderate level.  

The results of this study provide many conclusions, some of which are 

unexpected. Firstly, a lack of association between MLH and pedigree-based 

inbreeding coefficients has already been described both in animals (26) as well as 

humans (60), with an indication that it might be useful only if the population exhibits 

unusually high variance of inbreeding coefficient (112). This then means that the 

proportion of heterozygous loci in an individual is not the measure that is likely to 

show a correlation with fitness components. This might suggest that it is not the 

concept of homozygosity that is harmful and detrimental, but autozygosity and 

accumulation of the detrimental genetic load (rare variants which become more 

expressed in populations which experience inbreeding). This finding is in line with 

results from animal studies (1), which have repeatedly shown that MLH is in general 

a poor predictor of fitness and survival and that more sophisticated methods need to 

be used for individual genome-wide heterozygosity estimation (75, 83, 112). This 

has been confirmed in humans as well, in the study where MLH was not associated 

with biochemical markers of hemostasis and inflammation, while a pedigree-based 

proxy of isolation, endogamy and inbreeding yielded some significant associations 

(62). 
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There is another line of evidence which supports limited use of MLH in 

heterozygosity estimation. In order to provide an estimate of heterozygosity at 

important loci, any marker-based heterozygosity estimate must be correlated between 

individual marker loci (112). An extension of this approach means that any 

heterozygosity estimate must be correlated between different units of genome, in this 

case chromosome, in order for MLH to be a good predictor of true IGWH. In case 

that heterozygosity is not correlated across the genome, marker heterozygosity would 

not accurately reflect heterozygosity at unlinked functionally important loci (61, 

112). The results of this study support such finding for the chromosome-based MLH 

estimates, which were all highly significant, but yielded a median correlation 

coefficient of only 0.19. However, the results of this study also show that the 

reduction of the MLH that was present in the Vis Island sample compared to the 

CEU HapMap founders was uneven, in a way that the chromosomes that had the 

lowest MLH were 3 and 13. Although some deviation of the smaller chromosomes is 

expected due to the smaller number of markers on them and consequently greater 

standard errors, the deviation of one of the bigger chromosomes (namely, 

chromosome 3) was unexpected. Similar results were obtained from Korcula Island 

sample, with even lower correlation coefficients between chromosome-based MLH 

estimates. Furthermore, the results from the Korcula Island sample support the notion 

that the number of markers (per chromosome) is the main determinant of measure 

precision, in a way that the lower number chromosomes seemed to be more 

correlated than higher ones did (Figure 4.5). This finding was analysed in even more 

detail, suggesting that MLH estimates from chromosome one were four times more 

similar to the full marker count estimates than those from 22 chromosome (Figure 4.6).  

The MLH estimates strongly depend on the marker set that is used, 

suggesting that a comparison of the MLH estimates based on the different marker 

sets will yield biased results. In case of this study, HumanHap 300 includes over 

317,000 SNPs selected from the Phase I International HapMap Project, which 

contains over 1 million common SNPs (minor allele frequency [MAF]≥0.05) in each 

of the selected populations (Utah residents with ancestry from Northern and Western 

Europe [CEU], Han Chinese/ Japanese in Tokyo, Japan [CHB+JPT] and Yoruba in 

Ibadan, Nigeria [YRI]) (322). In addition, approximately 7300 non-synonymous 
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SNPs and a higher density of tag SNPs in the MHC region were included. On 

average, there is 1 SNP every 9 kb across the genome and median spacing is 5kb 

(322). Theoretically, an increase in the density of the marker set will tend to produce 

increasingly more homozygosity (or reduce heterozygosity), as most of the DNA is 

homozygous in all humans (5). Therefore, direct comparisons of MLH from different 

studies, different marker sets or even different species will be methodologically 

biased. It should then be noted that the use of marker sets which were selected in this 

way do not provide a representative sample of the human genome (neither in the 

absolute sense as most of the DNA is homozygous, nor in the sense of polymorphic 

markers which are commonly used in heterozygosity estimation).  

The results of this study show that there are a number of various situations in 

which some of the investigated heterozygosity estimation methods do not provide 

proper information, or the information that they do provide could be biased. One of 

the main disadvantages of their application in human genetics is related to dense 

genetic maps, which tend to have increased amounts of linkage disequilibrium. 

Increased amounts of LD are even more likely to occur in isolated island populations 

(192). This presents a difficulty for methods which provide valid estimates only if 

the dataset has no LD, which is a general assumption for the use of FEstim (80). 

Situations in which FEstim is calculated in a dataset that has not been cleared of the 

LD may result in over-inflated inbreeding coefficient estimates (80). The use of 

FEstim in the two MASEL selections in this study supported this assumption, with a 

correlation coefficient between the 0.1 and 0.05 marker selection of only 0.31 (Table 

4.6). This result shows that the use of FEstim in isolated populations that, as a rule, 

have increased amounts of LD must be carefully considered and that methods to 

remove LD must be employed (such as e.g. MASEL selection). The other methods 

seemed less sensitive to LD and provided largely similar correlation coefficients 

(generally in the range of 0.80-0.90).  

Another exception in the MASEL selected marker sets was MLH, which had 

lower correlation coefficients of 0.7 between the full set and less restrictive MASEL 

and 0.63 for the full set and more restrictive MASEL. The reasons for this are 

twofold – firstly, MASEL selects the most heterozygous and informative markers, 

thus providing higher MLH estimates with the increased degree of restrictiveness. 
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Secondly, although MLH is based on the most robust methodological approach, the 

units from which it is measured (locus specific alleles) are not completely 

independent from one another. This is due to recombination events, which generally 

occur at every 55cM (1), suggesting that between these recombination events there 

may be blocks of DNA that may be transmitted as a whole. Therefore, estimation of 

the MLH is prone to increasing amounts of bias in the denser genetic maps, as the 

increase in map density is likely to proportionally increase bias in the MLH 

estimates. Notably, the correlation of MLH with all other measures showed a gradual 

increase with the reduction of number of markers (full set, M0.1 and M0.05), 

suggesting that MLH performs better in datasets which are not very dense. 

Theoretically, there should be an ideal area of MLH performance in the estimation of 

heterozygosity, which will be defined by the lack of statistical power to detect 

heterozygosity at smaller number of markers and bias occurring as a consequence of 

very large number of markers, resulting in the summation of highly linked blocks of 

DNA that do not experience recombination at a sufficient level to be treated as 

independent.  

Results from animal genetics seem to generally provide a similar suggestion 

related to MLH, that it does not provide the best possible proxy for the inbreeding 

coefficient (75). In contrast to this study, the main problem in animals is the use of a 

very limited number of markers and consequently the existence of a large extent of 

variation which causes lack of precision and an inability to detect significant 

heterozygosity-fitness correlations. Such studies often discourage the use of MLH or 

even any marker-based heterozygosity estimates (73) and suggest that even the use 

of a large(r) dataset of suggested 3,000 SNP markers is not likely to result in much 

better information (71). One of the hybrid models that has been proposed in animal 

genetics is the use of pedigree-based inbreeding coefficient estimates (which 

generally show much stronger correlation with fitness) and correction of this 

information on the basis of genetic markers (73). Although such an approach might 

be feasible in humans, large stochastic variation of the DNA complementation during 

sexual reproduction (60) and false paternity rates that in humans vary from 0.3-30% 

(59), together with the sufficient number of genetic markers available in humans do 

not support such statements, but direct the discussion towards the aim of some 
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previous studies, to completely bypass pedigree information and rely only on the 

genetic marker information for heterozygosity (hence also homozygosity) estimation 

(60, 80).  

The type of information conveyed by each of the investigated heterozygosity 

methods is different. While MLH provides a true homozygosity (identity-by-state 

measure), the other methods attempt to provide more information on autozygosity 

(identity-by-descent) (112). This is achieved by the use of other data, namely 

population-based allele frequencies in the calculation. The use of allele frequencies 

provides the possibility that more information can be obtained for each individual, 

which can be later quantified and used in the heterozygosity estimation. The 

fundamental idea behind this approach is the calculation of the expected vs. observed 

amount of heterozygosity and consequent calculation of the deviation of each 

individual from the population average. Two basic approaches were developed: 

genome-wide expected and summation of single-locus heterozygosity estimations. 

The first, genome-wide heterozygosity estimation relies on the entire genome of the 

individual and compares the result with the population as a whole. This approach is 

employed by FPLINK in human genetics (76) and internal relatedness in animal 

genetics (75). The second approach offers a theoretical improvement over the first 

one, as it manages to provide locus by locus comparisons with the population, thus 

producing perhaps somewhat better estimates, since it can give more weight to loci 

of interest (60). Mathematical formula in derived form and result obtained here 

suggests that with the use of sufficiently dense marker sets (including the restrictive 

MASEL selection of only 17,000 SNPs) single-point approaches provided almost or 

completely identical information.  

Although the use of allele frequencies in heterozygosity estimation brings 

substantially more information and is therefore better, it also introduces a number of 

unique difficulties, especially expressed in isolated populations. Firstly, there is the 

question of the sample representativeness. If the sample from which allele 

frequencies are calculated is not representative of the population, the allele frequency 

estimates will inevitably be biased. This is one of the major issues in human genetic 

epidemiology studies, especially if we take into account that isolated populations 

may have varying interest in genetic epidemiology studies participation, resulting in 
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potentially biased and non-representative samples of examinees. Even if the sample 

is representative for a given population, naive counting of the allele frequencies will 

again provide somewhat biased estimates, because families with greater reproductive 

success will contribute more to the allele pool and bias the true allele frequencies.  

There are two basic ways how to cope with this situation. Firstly, it is 

possible to use founders’ allele frequencies (in the true meaning, founders are 

individuals who founded a settlement and brought a set of alleles which should 

ideally be used in the heterozygosity estimation). However, the definition of founder 

is often loosened and all individuals whose parents are unknown (in the isolated 

populations and hence can’t be linked to anybody else in the pedigree) are considered 

as founders. This is a trade-off between having a true founder and available 

information from the pedigree. The second way to estimate allele frequencies is 

related to various algorithms which attempt to calculate the allele frequencies that are 

the most likely to resemble those of the true founders. However, this on its own is a 

limiting factor, as isolated populations may often experience different phenomena 

which may over time bias true founder allele frequencies, including genetic drift, 

fixation, unequal contribution, uneven gender structure, etc. (1). Even when the 

founders can be properly defined and founder allele frequencies calculated, there is 

still an issue of comparison between different populations. All inbreeding measures 

are relative for the population from which they originate (except MLH, which is 

absolute individual feature, for a strictly defined given marker set). A comparison of 

two inbreeding coefficients from two different populations will therefore strongly 

depend on those populations’ structures and marriage (or mating) systems. The way 

to approach this problem could be similar to the process of standardisation in 

epidemiology – the use of “standard” population allele frequencies. The definition of 

such population fits very closely to the CEU-HapMap sample of founders, who are 

believed to represent people of northern and western European origin (91). 

Therefore, the problem of allele frequencies may be overcome if the standard allele 

frequencies are used, which may also be suggested in cases when two or more 

populations are compared and need to be analysed in the pooled analysis.  

The use of naive counting allele frequencies in this study provided rather 

interesting results, when all five heterozygosity estimates were compared. 
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Correlation coefficients in the full marker set were quite high between singlepoint 

approaches and MLH (although these correlations were inverse, as MLH measures 

heterozygosity, while the other methods actually measure homozygosity), while FADC 

and FPLINK seemed to provide almost identical ranking of all examinees (Spearman’s 

rank test was used for correlation analysis). At the same time, correlation coefficient 

with FEstimSPT was lower for MLH and relatively high for FADC and FPLINK (FEstim 

was not calculated for the entire marker set due to linkage disequilibrium). The use 

of less restrictive MASEL selection yielded almost absolute correlation of MLH, 

FADC and FPLINK, while the correlation coefficients with FEstimSPT slightly 

increased. However, the correlation coefficients of these four methods with FEstim 

were much lower, generally in the range of 0.50. Similar results were obtained with 

even more restrictive MASEL selection, almost (or completely) absolute correlation 

of singlepoint approaches and lower correlation coefficients with FEstim. The reason 

for such finding could be related to the nature of each of these measurements. While 

MLH measures IBS, FADC and FPLINK measure a certain amount of autozygosity, thus 

yielding somewhat better estimates. However, in a restrictive marker set, all these 

three methods provided almost absolute correlation, suggesting that a) either these 

methods do not bring any substantial methodological improvement over the MLH in 

terms of estimating heterozygosity, or b) in marker sets from which linkage 

disequilibrium has been removed homozygosity information (IBS) is equal to 

autozygosity (IBD).  

One of the important problems related to heterozygosity estimation is 

immigration into an isolated population. If we assume that most heterozygosity (and 

also, homozygosity) methods are intended to provide appropriate calculation in the 

isolated populations, we must rely on the isolated population allele frequencies. 

Some methods are then adjusted to give more weight to rare alleles, especially if the 

examinee is homozygous for a rare allele (meaning that this examinee is more likely 

to be inbred). If we then take into account that isolated populations tend to reduce 

their diversity over time and increase their difference from the origin population (1, 

192), introduction of immigrants will introduce serious bias. Namely, immigrants 

will bring their own set of alleles, which will for the isolated and genetically less 

diverse population almost definitely be treated as the rare alleles. This in turn has a 
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very biased consequence, that calculation methods will tend to provide overinflated 

homozygosity estimates for immigrants, who are (as a rule) expected to originate 

from the more diverse, original (mainland) population. The results of this study 

support the existence of such bias in some methods (namely the multipoint method), 

while singlepoint approaches seemed largely resistant to such problems (FPLINK), or 

even managed to provide results which are in line with expectations, that isolated 

populations should have increased inbreeding coefficients (FADC). Notably, the most 

restrictive FEstim also provided results which were in line with the theoretical 

expectations, which was the reason why this method was used in the heterozygosity-

fitness correlations.  

One of the reasons why the use of marker-based heterozygosity estimates is 

discouraged in animal genetics is the existence of significant sibling differences in 

heterozygosity estimates (73). Pedigree-based sibgling estimates of inbreeding 

coefficients should be exactly the same, hence animal geneticists indeed are faced 

with problem when they encounter significant sibling differences. However, this 

seems to be a problem related to the power of their analyses and the use of a very 

small number of markers in their calculation. The results of this study show that the 

use of a sufficient number of markers does not produce different sibling estimates. 

However, it may also be speculated that the lack of this difference may be attributed 

to the overall lower inbreeding coefficients and that in animals there may still be a 

difference in the sibling estimates. The existence of significant differences may also 

be attributed to the overall high variability of the entire genetic information 

transmission process (1).  

Demographic history may have a profound effect on heterozygosity 

estimation in any population. This is especially true in small and isolated populations 

which might have experienced substantial demographic events, including bottleneck 

and admixture events in their history (192). Such events, coupled with other cultural 

or geographical elements of subdivision may represent strong modulators of the 

population mean heterozygosity estimates. This is well seen in the case of the 

grandparental origin-based clusters in the Vis Island study. The cluster of Okljucna is 

the most isolated population group on the island and probably originated from 

Komiza but managed to maintain their isolation and special marriage practices.  
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This finding is in line with the study which showed that the isolate break-up 

and marriages outside traditional groups may increase genome-wide heterozygosity 

by 8-10% (282) and it was confirmed by the genealogical record showing more non-

endogamous marriages in the younger age groups. If we assume that modern 

societies have reduced (or completely removed) barriers between previously isolated 

subgroups within the entire human population, the results of this study show the 

dynamics and confirm that the break-up of isolates might be the factor that has had 

the strongest effect on the genome-wide heterozygosity. Interestingly enough, one of 

the results from the cluster based estimates was the unexpected difference in the 

grandparental cluster groups (Figure 4.10), indicating that examinees from the 6
th

 

cluster (Other Croatia) had lower heterozygosity (hence higher inbreeding 

coefficients) than those in the neighbouring clusters. The reason for this might 

include the existence of cryptic inbreeding, as some of the examinees from this 

cluster were after careful analysis shown to have originated from highly endogamous 

marriages, with all four grandparents often originating from the single small village 

from mainland Croatia. Such findings indeed show that ancestral dynamics and 

demography have a profound effect on the heterozygosity estimation and that even 

those populations which are expected to be “open” might have certain amount of 

cryptic inbreeding.  

Additionally, the very nature of each of these measures is also prone to some 

difficulties related to the spectrum of information that they provide and the extent of 

isolation. This is mainly the problem of FEstim which only provides inbreeding 

estimates, while all the possible outbreeding is immediately set to zero. This was the 

problem when this method was compared to others that do provide both sides of the 

heterozygosity spectrum, therefore in every comparison (calculation of all correlation 

coefficients) all outbreeding detected by the FPLINK and FADC was set to zero. 

Unfortunately, such correction is impossible for MLH, except if the sMLH method 

was to be used (standardized MLH, which is, in general, the ratio of individual MLH 

and population average MLH). However, any summation and calculation of 

population-based average is questionable in heterogeneous datasets (such as this), as 

it would provide biased information that would most likely be related to the 

differences encountered within each of the grandparental clusters. Therefore, all 
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MLH estimates were correlated to FEstim, thus potentially lowering correlation 

coefficients and underestimating the true nature of correlation between these two 

measures.  

A further difficulty in heterozygosity estimation was the necessity to remove 

linkage disequilibrium, a step which was supported by the very low correlation 

coefficient between FEstim calculated from the two MASEL selection marker sets. 

Despite all these shortcomings and restrictions, as well as the assumptions that need 

to be fulfilled to properly use FEstim, FEstim has been shown in a simulation study 

to be the most closely correlated measure to the true inbreeding coefficient (79). 

There are several reasons for this, but the most likely one is that FEstim provides a 

multipoint estimation, which seems to be much more closely related to the true 

inbreeding level than the summation of discrete marker-based estimates. A similar 

method has recently been developed, using information on the average length of 

homozygosity blocks (323), which does seem to provide a substantial theoretical leap 

forward from the previously described methods. However, this method seems largely 

dependent on the marker set that is being analysed and still may be biased by the 

linkage disequilibrium that is often encountered in isolated populations. The final 

answer to this question is most likely to originate from large simulation study which 

will take into account all the shortcomings and benefits of each method and be 

performed for a wide range of scenarios in terms of marker selection and density, 

sample size and breeding (or mating) preferences.  

Finally, the concept of heterozygosity based on a small portion of the entire 

genome is also questionable. If we consider that the commonly used marker set (i.e. 

HumanHap 300) represents less than 1% of the entire human genome which has been 

selected for its information content (thus increased amount of heterozygosity), we 

come to the real problem of providing an unbiased measure of heterozygosity across 

the entire genome, based only on a small number of genetic markers. This is most 

likely to affect IBS methods (notably MLH), as a substantial amount of the genome 

is expected to be homozygous, thus suggesting that any marker-based MLH estimate 

will almost certainly be overestimated. IBD methods might be less sensitive to this 

problem and FEstim seems to be least affected by it, as it relies on adjacent marker 

information and takes into account blocks in which markers are co-located. An 
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advance in this area could be made by comparison of the marker-based estimates 

with the fully sequenced genome and providing at least an indication as to whether 

marker-based heterozygosity estimation is correlated to overall genome-wide 

heterozygosity or is only proxy for highly variable areas of the genome that are used 

as genetic markers.  

All of the presented results come from two populations which were expected 

to have substantial amounts of inbreeding. However, both genealogical records and 

marker heterozygosities indicate that both populations did not experience very high 

inbreeding rates (except perhaps some isolated cases and examinees who originated 

from Okljucna, who had quite high inbreeding coefficients). Thus, the results most 

closely describe the consequences of the inbreeding by isolation (due to limited mate 

choice) rather than intentional consanguinity which is practiced in some societies or 

population sub-groups (159). The extent of the inbreeding avoidance has most likely 

been under the strong influence of Catholic church (300), which was acting against 

the inbreeding between close relatives. This was also seen during the field work, 

where some examinees reported that although they share the same surname, they 

often used an additional nickname which had even stronger cultural meaning that the 

surname. The same nicknames were always recorded in Parish books and served as 

equally relevant identification for these people. However, the complete lack of 

inbreeding records in the Parish books is difficult to explain. It may also be possible 

that in those cases when inbreeding did occur, Parish records were less likely to show 

the truth, due to possible stigmatisation and problems which might arise from close 

inbreeding loops. Therefore, without firm evidence and with the possibility that 

Parish records might not show the true state, it remains that the inbreeding detected 

by genetic markers be attributed to the inbreeding by isolation and limited mate 

choice. Such inbreeding is likely to produce and maintain genetic load (cryptic 

inbreeding), which is more closely related to the concept of genetic load and less 

likely to be expressed as disorders which tend to affect younger individuals and 

prevent them from reaching adult age (28). However, this might be more interesting 

for the investigation of the genetic background of complex diseases, as cryptic 

inbreeding is more likely to be preserved and maintained at the population level.  
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As a conclusion to the issue of methodology of heterozygosity estimation, the 

main suggestion may be to use various heterozygosity estimates for different 

purposes and in different settings. Singlepoint approaches seemed to perform well in 

a situation when there is substantial immigration and rare new alleles are introduced. 

Also, singlepoint approaches performed better in a dataset with substantial amounts 

of linkage disequilibrium, making them interesting methods for isolated populations. 

However, simulation models suggest that FEstim provides estimates that are closest 

to the true inbreeding coefficient. But, in order to use FEstim a number of 

assumptions must be satisfied, including lack of linkage disequilibrium, lack of 

substantial migration and immigrant contributions to the population and the existence 

of sufficiently dense genetic maps, of at least 300 markers (80). Since each of these 

methods tends to provide slightly different information and may perform better in 

any given situation, it could be stated that more than one method could be used in 

analyses. Such a methodological approach is not a new idea and it is not unique, as a 

fair number of studies in animal genetics employ more than one heterozygosity 

estimate (75). Therefore, the suggestion based on the available data is to use at least 

one of the singlepoint approaches and FEstim (with all assumptions satisfied) in 

studies which aim to investigate heterozygosity-fitness correlations.  
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5.2. Heterozygosity-fitness correlations 

The main concept of heterozygosity-fitness correlations (HFCs) relies on the 

existence of measurable effects of the IGWH on selected traits. Although this concept 

in general seems quite straightforward, detailed thinking introduces a number of 

potential difficulties. Firstly, a plethora of known (and unknown) confounding 

factors can severely influence analysis. This is especially important in the late-onset 

diseases, which are prone to numerous effects (including socioeconomic status, 

education, dietary pattern, lifestyle, cultural determinants). Additionally, these traits 

may often show a sizeable level of randomness, making any analysis very complex. 

Therefore, bivariate statistics were not extensively used in this Thesis. Instead, a 

mixed model was the main source of conclusions for HFCs, as it provided 

substantially more authoritative information. Firstly, the model was created to take 

into account a number of confounding variables. Secondly, the model was used in the 

full data set (for each of these Island samples separately), in order not to reduce 

statistical power. Thirdly, the two Island samples were used separately in order to 

show consistency between the findings. Lastly, mixed model use allowed the 

adjustment to the examinee relatedness, as the use of more simplified regression 

models would provide biased results since relatives are more likely to have similar 

phenotypic measurements that any random member of the open population (1).  

 However, the use of such a model requires that a number of assumptions need 

to be met. This mainly relies on the dependent variable normality, meaning that for 

most of variables transformation had to be used. This introduces the possibility that 

heterotic effects can be removed (117). Due to this possibility, few models were 

made with an untransformed variable, but then the model diagnostics revealed 

unacceptable residual kurtosis meaning that the estimates from the model were not 

suitable for interpretation. Hence, rank transformation was used with normal scores, 

ensuring that the order of examinees was not changed.  

One of the most salient results of this Thesis is the level of explained variance 

for various traits. The low number of human traits that were associated with 

inbreeding were for some time explained by the low inbreeding coefficients that are 

generally recorded in various human populations (155). While this is generally true, 

the results of this study show that there is another important reason why the effects of 
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inbreeding are unclear – the amount of variance explained by inbreeding for any trait 

was inversely associated with trait complexity. In other words, simpler traits were 

shown to have a higher percentage of explained variance and more significant 

associations with inbreeding than more complex traits (Figure 5.1).  

 

 

 
 

Figure 5.1. The effects of inbreeding show a decreasing percentage of 
explained variance with the increase in the investigated trait complexity 
 

 

This finding is most likely associated with the multifactorial nature of the 

more complex traits, where a large number of genes and numerous post-translational 

modifications were invoked as the main source for human variation (1). Firstly, the 

level of lipidomics is mainly comprised of numerous small lipid fractions from the 

plasma, which include phosphatidylcholines (PCs), phosphatidylethanolamines (PE), 

and lysophosphatidylcholines (LPCs) (324). Their main role in the organism includes 

a crucial role in cell survival and cellular protection against reactive oxidant radicals, 

protein and lipid transport and sorting and cellular signalling cascades (325). The 

disruption in some of these molecules has been associated with certain diseases, 

including dyslipidaemia, diabetes and coronary heart disease (326-328), or various 

deposition diseases including Niemann-Pick, Gaucher, Krabbe, Fabry and Tay-Sachs 

(329). Hence, these molecules seem to be widely distributed in the human body and 

play an important role in regulation and signalling. However, we are still lacking 

appropriate information on the relatedness and predictive value of these markers in 
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various human diseases, as well as understanding of their genetic and environmental 

determination.  

The second group of traits that were analysed in this Thesis are N-glycans. 

This is a large group of sugar molecules involved in the post-translational 

modification of some proteins (including those that are usually used as main 

indicators of disease in clinical medicine, including e.g. fibrinogen, which is an 

example of glycosylated protein). The recent advances in measurement of these 

sugars and their classification have enabled their basic characteristics to be described 

in large detail, including understanding of their variability, heritability and 

association with the main environmental and behavioural determinants (316). 

Previous findings related some of glycans with a variety of conditions and diseases, 

including changes in inflammation and cancer (330-332). Similarly to lipidomics, we 

are still lacking proper information on some of the basic determinants of glycan 

levels and an understanding of their role within human body.  

The third group of analysed traits included some of the most commonly used 

biochemical markers that through epidemiological studies have been associated with 

end-point diseases. This group included indicators that are under more complex 

control, including i.e. fibrinogen, for which a large number of confounding factors 

have been described (62). The percentage of explained variance by inbreeding was 

lower in this group than in previous two, suggesting that the level of complexity and 

the amount of (known) confounding effects may have decreasing effects on the 

possibility of detecting inbreeding depression. This finding could be related to 

numerous previous studies which reported conflicting results, especially in the case 

of serum lipids (64, 78, 221). 

The fourth level was based on even more complex phenotypic traits, which 

we now know are under very complicated genetic control with substantial 

environmental modifying factors (5). This complexity was one of the reasons why 

numerous genome-wide association attempts to find genes associated with human 

traits have failed. However, this difficulty is even more strongly expressed in the 

final group, diseases, which is under extremely complex and multifactorial control. 

This is the research area that has witnessed the least success in gene mapping, all 

being associated with lack of statistical power to detect these effects, high 
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complexity and many modifying factors, conditions and situations (1). Accordingly, 

the percentage of explained variance was lowest in these two final groups, suggesting 

that the higher level of complexity was associated with decreased effects of 

inbreeding depression. This is clearly seen in the case of significant inbreeding 

effects on e.g. metabolic syndrome, which is a highly complex trait composed of 

many components (notably, some of these include serum lipids, which were on their 

own showing significant a association with inbreeding). 

However, the effects of inbreeding do not seem to show a simple linear 

relationship with the complexity of traits, as some studies suggest that inbreeding 

depression will be expressed at higher odds in highly complex traits which are under 

multiple genetic control (78, 155, 333). Such results could be confirmed here, with a 

gradually decreasing percentage of explained variance and a theoretical U-shaped 

inbreeding detection curve, depending on the complexity of the investigated trait 

(Figure 5.2).  

 

 

 

Figure 5.2. Hypothetical effects of inbreeding on simple and complex traits.  

 

This framework therefore, has its basis in the complexity of traits, where 

simpler traits with less complex determination and less environmental influence will 

be susceptible to inbreeding depression, especially if they conform to the common 

theoretical requirements, namely strong dominance variance (1, 11). With the 

increasing complexity of traits, more and more effects will be imposed by the 
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environment and known and unknown confounding factors. At a certain point these 

moderately complex traits will exhibit low inbreeding effects, meaning that they will 

not be easy to detect. Lastly, as the genetic complexity of the trait increases, the 

effect of multiple genetic variants of small effect will sum up and increase the 

chances of inbreeding depression detection. This framework fits well with the results 

of this study, as well as reports from other studies, which suggest that inbreeding 

may have important effects on complex late-onset diseases (63, 64, 78, 155, 333). 

Meta-analytic studies in plants and animals also suggest that heterozygosity-

fitness correlations exist, but show that the contribution of heterozygosity to traits 

variance is small or very small, generally in the range of 1-5% (26, 29, 46). The 

finding of a low percentage of variance explained (generally 0.5% of variance in the 

traits investigated in this study could be attributed to inbreeding) can therefore be 

considered to be in line with animal and plant studies and the fact that human 

inbreeding coefficient are much smaller than those of plants and animals. Therefore, 

overall conclusion of this line of research is that inbreeding depression and heterosis 

in humans likely exist, but their contribution to various traits is very small, thus 

making heterozygosity less interesting research target.  

When taken together, the results of this study show that the metric traits 

(anthropometry) do not show a strong association with IGWH. Only a few traits in 

this study have shown either suggestive or significant association, with some even 

showing inverse association (skinfolds). It is known that increased amount of fat 

tissue is a strong cardiovascular risk factors that contributes to both morbidity and 

mortality (334). While the effects of inbreeding on metabolic syndrome and 

osteoporosis were in line with the theoretical expectations and results (or find partial 

support) from some previous studies and theoretical higher chances of detecting 

inbreeding depression in complex traits (78, 237, 238, 240, 333, 335), skinfolds were 

much more difficult to explain. However, the true nature of the skinfolds is 

debatable, as some studies show that these can be considered as cardiovascular risks, 

while the others show no such association (336-338). Confirmation for the low 

predictive value of the skinfolds in this study is the low correlation coefficient with 

some known cardiovascular risks (including e.g. body mass index and waist 

circumference).  
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Secondly, the direction of the association with inbreeding was unexpected, as 

the more inbred examinees had lower values of skinfolds, suggesting that they may 

be under lower cardiovascular risks. Some studies show clinically interesting 

association between skinfolds and bone mineral density, suggesting that low iliac 

skin fold thickness was associated with a higher risk of hip fracture than BMD in 

women, but not in men (339). 

The results of this study show that humans may sometimes show fluctuating 

asymmetry. This was recorded in the more inbred Vis Island sample, in the case of 

the blood pressure. The effects of inbreeding on blood pressure were explained 

previously (64, 78, 333, 335), suggesting that the chances of detecting fluctuating 

asymmetry may be the highest in this trait. The results obtained here were made with 

rather robust model, which nevertheless showed that inbred examinees were more 

likely to express fluctuating asymmetry. Similar results were described in animals, 

mainly fish, where more inbred fish had greater developmental instability resulting in 

the fluctuating asymmetry (26, 27, 340). The existence of fluctuating asymmetry fits 

well into the concept of canalisation, in which more inbred organisms tend to have a 

narrower range of compensatory mechanisms, which leads to their overall poor 

performance, lower fitness and greater degree of developmental instability and 

fluctuating asymmetry (28).  

One of the possible reasons for sporadic publication of heterosis studies in 

humans could be related to the ethical consideration raised by Cavalli-Sforza and 

Bodmer (341), who argue that the investigation of heterosis in humans is in the 

sphere of eugenics and closely related to Nazi experiments of creating the perfect 

human. It seems that researchers in the post-war period were not likely to be 

involved in such research, which resulted in extremely few studies being published 

from WWII to the present day. Yet, even the most basic discussion of this matter is 

contradictory, as the Nazi attempts were to create a “pure race”, while heterosis is 

most likely to occur in the marriages of genetically distant parents (but not too 

distant, in order to avoid outbreeding depression). Given these arguments, the 

purpose of this study was to investigate the significance of changes in the IGWH in 

relation to human health and to provide an answer whether IGWH should be used as 

one of the classical risk factors that are usually used in the epidemiological studies. 
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Additionally, the aim of this study was to establish a pattern of changes that may be 

linked with IGWH, such as the traits that have been previously described to be 

susceptible to secular changes.  
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5.3. Study limitations  

One of the main limitations of this study is the possibility that the statistical 

power was insufficient to detect the true effects of inbreeding. While there are 

numerous ways to estimate statistical power, the main problem here is the inability to 

estimate the effects of inbreeding and the strength of these effects. This arises from 

the lack of knowledge on inbreeding and poses a substantial problem. Factors that do 

present an improvement compared to previous studies include the large number of 

genetic markers analysed and the greater power to detect heterozygosity-fitness 

correlations (due to increased number of genetic markers that were used in the 

analysis), the ability to provide very precise phenotypic measurements and analytical 

possibility to control for the most obvious and previously described confounding 

factors.  

At the same time, the use of human data in heterozygosity-fitness correlations 

faces a number of unique problems. Firstly, human populations across the world are 

experiencing substantially smaller levels of inbreeding than some animals and plants 

and therefore have much smaller inbreeding coefficients. Although this may not be 

very obvious at the individual level (where inbreeding coefficients may in some 

cases be relatively high), at the population level inbreeding is less prevalent (176).  

In contrast, animal and plants can be bred in the laboratory conditions to have 

inbreeding coefficients that are very close to even complete inbreeding (1). Secondly, 

humans are very prone to numerous confounding effects, which may both be strong 

and very prevalent, population-specific and difficult to measure and include in the 

analysis. This is primarily related to various cultural practices and norms, use of 

various remedies and overall medical care that reduce the comparability of various 

individuals and therefore introduce noise in the analysis. Furthermore, humans are no 

longer exposed to wild population dynamics, including natural selection and long 

starvation periods (at least those in the developed countries), what makes inbreeding 

depression and heterosis much less likely to be expressed under stressful conditions 

(28). When all these factors are taken into account, the variability between 

individuals and small contribution of heterozygosity to various traits is, it can be 

stated that the detection of heterozygosity-fitness and the quantification of the overall 

contribution to the human health may be very difficult.  
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The results of the systematic literature review did not allow for a detailed 

analysis, as rather small number of published studies were identified and included in 

the analysis. In an attempt to provide more authoritative information, some 

unpublished data were included and authors involved in this line of research were 

contacted. However, this did not result in any supplementation of the existing data, 

thus confirming the overall low amount of information on this line of research. Since 

the possibility to detect the presence of publication bias is also reduced (due to the 

overall low amount of information), it remains for future studies to provide detailed 

and authoritative overview of this line of research.  

This study was cross-sectional by design, meaning that there will be a number 

of limitations, including the lack of timeline and inability to establish causal 

relationship, problems related to phenotypic measurements being performed only 

once, a number of possible recall and information biases as well as the possible lack 

of representativeness for the population from which these samples were sampled 

(334). The question of representativeness is one of the general issues in plant and 

animal genetics too, as studies have suggested that non-random selection which 

favours extreme cases of inbred and outbred individuals is more likely to show 

significant heterozygosity-fitness correlations (61). This could be one of the 

explanations why some previous studies in Croatian Adriatic isolates had more 

significant results (78, 333, 335) that this one that was performed in single island 

population that is more homogenous. In fact, it could be argued that the relatively 

small extent of variation in this sample could also be one of the reasons for lack of 

significant results.  

Genealogical records which were used from the Parish records could also 

bear a certain amount of bias. Based on genetic marker heterozygosity, it has been 

shown that there is a certain amount of inbreeding, suggesting that there are 

examinees who are inbred at the sufficient level to be detected. If this information is 

coupled with the complete lack of inbreeding in the Parish records, it could be 

hypothesized that the Parish records might have been masked by either the clergy or 

the local population, due to possible cultural and religious stigmatisation that might 

occur if such information was made available to the society.  
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In terms of IGWH, it is almost safe to assume that it is not likely to change 

substantially across an individual’s lifetime, under the low mutation rates that are 

currently believed to exist for most human populations (1). However, there is also an 

opportunity that IGWH may also show a substantial amount of confounding, 

especially if we know that e.g. consanguinity is often associated with worse 

socioeconomic situation and lower education, what was both reported in some 

previous studies (213, 342) and confirmed in this study. Knowing that these factors 

may have modifying effects on a number of human traits, especially in those 

populations which may be suitable for heterozygosity investigations (190), the 

network becomes even more complex and more difficult to properly explain with 

clarity. However, a large number of ways to cope with all these difficulties was 

applied during planning, performing and analysis of the data used for this study.  

In terms of genotyping, it may be concluded that the possibility for errors is 

very low, as these data complied with very stringent quality control procedures. In 

terms of sample mix-up, a number of controls were performed, including the analysis 

of the allele sharing between relatives and comparison with the genealogical records 

that examinees have provided on their own. Biochemical measurements that were 

used in this study are also not very likely to be burdened by the possible errors, as the 

laboratory which was performing them holds a strict protocol and neither of the 

numerous blind controls that were used during all stages of laboratory analyses 

yielded coefficient of variation that would cause any doubt on the laboratory. In 

terms of phenotypic measurements, all were performed carefully and checked with 

frequent quality control procedures and repeated measurements procedure, making it 

less possible that any difficulty or lack of precision might have occurred. This also 

included the last digit preference and drift analysis, all of which were negative 

(suggesting that the data collection process has been performed in orderly manner). 

Additionally, the dataset was further supplemented with a number of potential 

confounding effects, including lifestyle descriptors, dietary pattern and smoking, 

which may all serve as indicators or modifying factors for any data analysis. The use 

of multivariate methods makes it less likely that confounding by known factors 

might have modulated results presented here. Even more, the use of mixed models 

reduces the possibility of spurious association due to relatedness among individuals. 
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Finally, the predominant use of non-parametric statistical methods (when applicable) 

warrants that data assumptions and requirement were not violated and that analyses 

are not likely to be source of possible error.  

Another limitation should be taken into account, especially relating to plants 

and animals, as there are fundamental difference between these datasets, to certain 

level even between plants and animals (Figure 5.3).  

 

 

Figure 5.3. Theoretical framework for comparison of the heterozygosity 
investigation in plants (green), animals (blue) and humans (red).  

 

Firstly, plants seem to provide the broadest possibilities for research of the 

heterozygosity (and consequently heterozygosity-fitness correlations). This is 

primarily due to the special breeding models (numerous self-breeding natural 

populations), possibility to conduct laboratory experiments, as well as possibility to 

precisely measure phenotypes, all coupled with the naturally high inbreeding 

coefficients in some cases (13). Situation is similar in animals, with somewhat more 

restricted extent of special breeding models, similar opportunities in the sphere of 

laboratory experimentation, overall lower inbreeding coefficients but better 

genotyping opportunities and less precise phenotype measurements (due to more 

numerous confounding factors than that in plants). Humans, however, are 

characterised by the completely different presentation in this framework (Figure 5.3). 

In humans, there is little opportunity for experimentation or “special breeding 

models”. Additionally, humans on general have quite low inbreeding coefficients, 



 128 

compared to some plants and animals which in laboratory conditions can have 

inbreeding coefficients of 1.00, resulting from complete and long-term deliberate 

breeding efforts (1). Additionally, direct comparisons of any of the genetic marker 

based estimates is quite difficult due to different set of markers which are applied in 

different species (namely, there are human-specific and animal-specific markers that 

are use in the commercially available genetic DNA chips). Although the range of 

variation within animals and plants is much higher, there are no known studies which 

compare any of the estimates between humans and plants or animals.  

However, humans provide unique opportunity for heterozygosity studies as 

there are ample opportunities to precisely measure phenotypes and there is more 

genotyping information available through numerous genetic epidemiology studies 

aiming to map genes that underlie human diseases. When these characteristics are put 

together for plants, animals and humans, it becomes obvious that there is only a 

small overlapping area between all three study groups. This is not limiting factor by 

itself, as most of findings reported from plants and animals are widely applicable to 

humans, especially regarding the homology of structure and organisation of the 

genomes in all three groups (1). However, this narrow overlapping area is also a 

serious problem in comparing the results across taxa, especially if the inbreeding 

coefficients correlation varies across the spectrum of population prevalence and 

intensity of inbreeding. This is why this framework needs to be broadened and used 

in a way that some reports from plants and animals can be easily repeated in humans. 

This was one of the main underlying methodological approaches in this study, 

comparative analysis of the effects of heterozygosity on fitness and survival 

transposed to the effects of heterozygosity on health in humans.  

Further research should focus on replication studies in other populations, in 

order to establish improved understanding of the correlation between various 

heterozygosity measures. Also, one of the future directions could be analysis of the 

fully sequenced genome heterozygosity and marker based approaches, as genetic 

markers present a highly heterogeneous sub-group of DNA (which is actually used as 

the genetic marker due to their heterogeneity). Theoretically, MLH will suffer the 

most the most from this change, since majority of DNA in any organism is highly 

preserved and homogenous across wide range of species (1), while IBD methods 
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might be less prone to these biases as they already adjust estimates to show the 

closest values to the IBD proportion of the genome.  

Future research in the area of individual genome-wide heterozygosity should 

rely on (i) bigger sample sizes, (ii) replication studies, (iii) measurements of the 

similar range of the human quantitative traits in order to provide more information on 

the entire spectrum of trait complexity, and (iv) understanding the pattern of 

individual genome-wide heterozygosity calculated from genetic markers and 

obtained from the fully sequenced genomes. One of the firsts steps in this could be 

related to the performance of the replication study within EUROSPAN consortium, a 

network of the special population research groups within Europe, which has been 

initiated by the time of the completion of this Thesis.  
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6. CONCLUSION 

The results of this study suggest that individual genome-wide heterozygosity 

(IGWH) may be considered as a health risk factor in some situations. More precisely, 

reduced individual genome-wide heterozygosity can be considered as a risk factor, 

while increased IGWH can be considered as a protective factor. However, the effects 

of the changes in IGWH on human traits and diseases were small or extremely small, 

generally explaining 0.5% of variance in traits which were showing significant 

association with IGWH in the Vis Island sample. The amount of explained variance 

showed a U-shaped form, with higher values in traits which were not under complex 

genetic control, the lowest value in intermediate complex trait, and slightly higher 

values in complex traits. A framework for the observed changes includes a fine 

interplay between a low level of confounding factors in simple traits and hypothetical 

higher number of genes of small effect in complex traits. These results are in line 

with previous studies on plants and animals where individual genome-wide 

heterozygosity contributed 1-5% of variance to various traits, which can be explained 

by the significantly higher inbreeding coefficients in plants and animals. 

Additionally, it seems that the amount of population inbreeding is an important factor 

in determination of the heterozygosity-fitness, as the results from the Korcula Island 

sample where lower overall inbreeding was recorded did not seem to provide a 

replication for the results obtained from Vis Island sample. Therefore, replication 

studies are needed in order to further explain the pattern of the effects of IGWH 

changes on human health.  

In terms of measuring IGWH, various methods that are being used in the 

research seem to provide different information and should therefore be used with due 

caution. Some methods were very sensitive to linkage disequilibrium and 

immigration, while others showed very high correlation with measures which have 

low correlation with pedigree-based inbreeding, suggesting that they provided 

limited information over the simple proportion of heterozygous loci in an individual. 

Overall results indicated that multipoint methods might provide the best theoretical 

approach to the IGWH estimation, in situations when the assumptions for the 

application of these methods are met.  
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8. APPENDICES 

8.1. Systematic review (Appendix I) 

 

Systematic review methodology for the effects of inbreeding and admixture on 

the quantitative traits and diseases 

 

Search aim  

To perform a systematic review of the available literature based on the 

articles that were covered by PubMed, Web of Knowledge and EMBASE, which 

investigate the effects of inbreeding, outbreeding and admixture in humans on a 

number of human quantitative traits and disease associated with these traits. 

 

Search strategy 

The search strategy was divided in five steps. In step 1, basic search was 

performed, aiming to identify all studies that were involved in this line of research, 

by including all potential words and terms associated with admixture and isolation 

(by entering the terms “inbreeding OR inbred OR genetic admixture OR ethnic 

admixture OR genetically admixed OR interethnic OR inter-ethnic OR consanguinity 

OR consanguineous”) and traits of interest. Traits were entered as both quantitative 

traits and the diseases associated with it (i.e. “bone mineral density OR osteoporosis” 

and “glucose OR diabetes”). All results were imported into Endnote and then all 

duplicates (overlaps) from three databases were removed.  

After performing the step 1, all Abstract were read in step 2, and the ones that 

were not linked to the main research question or did not provide sufficient 

information were excluded. For those studies that remained in the study sample, full 

text source was obtained (where available) and the studies were analysed. These first 

steps were performed independently by two researchers, and later compared to one 
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another in order to provide better coverage and reduce the likeliness of omitting any 

study that should be included.  

Due to difficulties in identification of all studies of interest, in step 3 all 

references from the included studies were carefully checked in Web of Knowledge 

citation search, aiming to identify additional studies that cited or were cited by the 

identified studies, thus broadening the number of included studies. In step fourth 

step, additional search was performed related to the populations or sub-groups that 

were identified in the third step, without inclusion of any mention of admixture and 

isolation in the search strategy (in order to identify the studies which might 

contribute to the understanding of the given trait in that population). This included 

the three groups of populations, the first consisting of Latin American countries 

(which are known to have admixed populations), the second consisting of some 

Asian and African populations (where inbreeding is prevalent), and the third one 

consisting of the isolated populations throughout the World. All studies that were 

identified by these four steps were considered indicative, but in the fifth, final step, 

further restrictions were made, in order to select only those studies that were based 

on the appropriate methodological framework and provided sufficient and reliable 

information. This included the studies which were published in English and which 

were retrievable in the full text, performed in otherwise healthy examinees, provided 

the sufficient information on the sample selection and recruitment, performed in the 

sufficient sample size (arbitrarily, sample size threshold was set at 250 cases per 

study). In terms of the study quality, two groups of inclusion studies were identified:  

 

(i) studies which provide information on admixed populations, if the study was 

performed in the multivariate way or in other ways which enabled controlling 

for the most obvious known confounding effects and the estimates are given 

for all three populations of interest (two origin populations and the admixed 

one), or 

(ii) studies which quantified individual amount genome-wide heterozygosity 

(including inbreeding coefficients based on both genetic markers and 

pedigree information) and correlate inbreeding coefficient with the 
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investigated trait, while controlling for the most obvious known confounding 

factors  

This framework enabled identification of the relevant studies, taking into 

account the sample size (at least 250) and major methodological aspects (controlling 

for the most obvious confounding factors, at least age and gender-adjusted 

estimates).  

Additionally, studies which were published as case reports, investigated the 

effects of single-locus heterozygosity as opposed to genome-wide or pedigree based 

information, studies where the changes in trait of interest were associated or might 

have been associated with treatment or other diseases (including various syndromes) 

were excluded from the subsequent analysis. If more than one paper was published 

based on the data from a single study, the paper with the largest sample size or the 

best methodological approach was included in the study. Search was performed in 

September 2008 (search scheme and intermediate results are provided in Figure 1).  
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(inbreeding OR inbred OR genetic admixture OR ethnic admixture OR genetically admixed OR interethnic OR 

inter-ethnic OR consanguinity OR consanguineous) AND (osteoporosis OR bone mineral density) AND human 

Web of Knowledge (http://wok.mimas.ac.uk):  50 
 

PubMed (http://www.pubmed.com): 709 

Initially identified studies: 710 
 
Title and Abstract reading and exclusion of 
articles that were not relevant or related to 
the subject 

Number of studies remained: 11 

Identification of additional studies through 
references search and focused search in selected 

populations 

Final number of studies included in 
the systematic review 

Application of the inclusion criteria 

Number of studies remained: 12 

4 

(inbreeding OR inbred OR genetic admixture OR ethnic admixture OR genetically admixed OR interethnic OR 

inter-ethnic OR consanguinity OR consanguineous) AND (serum lipid) AND human 

Web of Knowledge (http://wok.mimas.ac.uk):  14 
 

PubMed (http://www.pubmed.com): 1754 

Initially identified studies: 1761 
 
Title and Abstract reading and exclusion of 
articles that were not relevant or related to 
the subject 

Number of studies remained: 13 

Identification of additional studies through 
references search and focused search in selected 

populations 

Final number of studies included in 
the systematic review 

Application of the inclusion criteria 

Number of studies remained: 15 

3 
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Figure 1. The scheme and the intermediate results of the systematic search.  

(inbreeding OR inbred OR genetic admixture OR ethnic admixture OR genetically admixed OR interethnic OR 

inter-ethnic OR consanguinity OR consanguineous) AND (uric acid OR gout) AND human 

Web of Knowledge (http://wok.mimas.ac.uk):  2 
 

PubMed (http://www.pubmed.com): 125 

Initially identified studies: 125 
 
Title and Abstract reading and exclusion of 
articles that were not relevant or related to 
the subject 

Number of studies remained: 6 

Identification of additional studies through 
references search and focused search in selected 
populations 

Final number of studies included in 
the systematic review 

Application of the inclusion criteria 

Number of studies remained: 9 

2 

(inbreeding OR inbred OR genetic admixture OR ethnic admixture OR genetically admixed OR interethnic OR 

inter-ethnic OR consanguinity OR consanguineous) AND (glucose OR diabetes) AND human 

Web of Knowledge (http://wok.mimas.ac.uk):  137 
 

PubMed (http://www.pubmed.com): 6250 

Initially identified studies: 6291 
 
Title and Abstract reading and exclusion of 
articles that were not relevant or related to 
the subject 

Number of studies remained: 7 

Identification of additional studies through 
references search and focused search in selected 

populations 

Final number of studies included in 
the systematic review 

Application of the inclusion criteria 

Number of studies remained: 7 

5 



 155 

8.2. Standard operating procedures (Appendix II) 
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Detailed description 

 

1. Subject identification 

 
All subjects will be assigned unique seven-digit identification code, starting from 0001. 
Additionally, IDs will get a “KOR” in the beginning of the code, in order to provide unique and 
island constrained identification. Final code format will be KOR0001, KOR0002, etc. All related 
items (information booklet, questionnaire, phenotype measurements, and blood samples) will 
be coded using that code. Additionally, all digital files stored in various computers will only 
have the study IDs, while date of birth will be entered either as age in years or age in years 
while date and month will be entered as 01.01 (details on the dates will be made available 
upon request). 
Two versions of the master file which contains full examinees’ names and corresponding 
codes will be made; one will be stored at MRC HGU, and the other at Medical School, 
University of Split; both files will be password protected and only two persons will be given a 
password, in order to maintain confidentiality and protect the examinees’ identities.  
 

2. Standard operating procedures for phenotype measurements 

 
Explain the procedures to the subject. Do all the measurements with the subject clothed only 
in lightweight underwear in a comfortable ambient temperature. 
 
2.1. Height 
The subject should stand on a horizontal platform with the heels together, stretching upward to 
the fullest extent, aided by gentle upward pressure by the measurer on the mastoid 
processes. The subject’s back should be as straight as possible, and the heels should be 
against the wall. The Frankfurt plane (a line from the lower border of the left orbit to the upper 
margin of the external auditory meatus) must be horizontal. The subject’s heels must be 
watched to make sure they do not leave the ground. Bring down the horizontal arm of a 
stadiometer on to the subject’s head. Apply a gentle pressure to the top of the head and 
document the reading. 
 
(Reference: Weiner JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981.) 

 
2.2. Weight 
The scale should be placed on a horizontal surface. Take care that the machine is adjusted to 
read zero. Ask the subject to step on the platform of the scale and wait until he/she stands 
still. Document the reading. 
 
(Reference: Weiner JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981.) 

 
 
2.3. Triceps and biceps skinfold 
The subject should stand erect for all skinfold measurements. Pick up the skinfold between 
the thumb and forefinger and apply the caliper jaws at the appropriate level. Three 
measurements should be performed, and then average value used in the analysis.  
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The subject’s arms hang relaxed, just away from his/her side. Using a flexible band half of the 
left upper arm should be identified and marked. Biceps skinfold is measured just above the 
upper part of the bicep muscle, while the similar is performed for triceps muscle in the back. 
Three measurements for both skinfolds are entered in the form. 
 
2.4. Subscapular and suprailiac skinfold  
The skinfold is picked up under the inferior angle of the left scapula. The fold should be 
inclined downward and laterally, in the natural cleavage of the skin, and it is determined as the 
diagonal distance from the lower edge of scapula, 2cm in both downwards and lateral 
direction. Suprailiac skinfold is measured in the midway between the 12th rib and iliac crest. 
Three measurements for both skinfolds are entered in the form. 
      
2.5. Abdominal skinfold 
The skinfold is picked up at the level of the umbilicus, 2cm to left of it.  Read the measurement 
2 seconds after the full pressure of the caliper jaws is applied to the skinfold; if a longer 
interval is allowed, the jaws may ‘creep’ and the reading be inaccurate. Three measurements 
are entered in the form. 
 
(Reference: Weiner JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981.) 

 
2.6. Brachial circumference       
The tape is wrapped around the left upper arm, at the level that represents the medium of the 
upper arm length. 
 
2.7. Waist circumference  
The participant should be standing and clothing should be removed from around waist and 
hips. They do not necessarily need to undress, but can for example undo trousers and drop 
them to the top of thighs or raise skirts up. Participant should stand with feet pointing forwards 
and approximately 25-30cm apart. Their weight should be evenly distributed. Palpate the 
lower rib margin and make a mark with a water-soluble marker pen. Palpate the iliac crest in 
the mid-axillary line and mark on the skin surface. Measure the distance between the two 
marks (rib cage and iliac crest) and make a distinct mark between them. Repeat this process 
on the opposite side of the body (this improves the reproducibility of the measurement). 
Instruct the participant to breath out gently whilst the measurement is taken. 
Apply the flexible tape horizontally around the subject’s body, line the tape over the two marks 
and ensure it is sitting evenly. Slot the end of the tape into the designated hold. Adjust the 
tape so that it is sitting comfortably. The tapes have an inbuilt tension device, so no other 
adjustment needs to be made after the tape has been correctly positioned. 
 
2.8. Hip circumference  
Following on from the waist measurement, ensure the participant remains in the same 
position, and breathing out gently. With the flexible tape measure the point yielding the 
maximum circumference. As before the tape should sit horizontally around the body, without a 
tilt. Make sure the tape is snug, but not so tight as to cause skin indentation or pinching. Read 
the measurement carefully and document the reading. 
 
 



 160 

2.9. Head circumference 
Using a flexible tape measure the head circumference. The tape should be applied above 
ears, across the glabella region, and at the top of the occipital region backwards.  
 
(References: Weiner JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981; Fitness and 
Amateur Sport Canada, Ottawa, Canada: Canadian Standardized Test of Fitness Operational Manual, 1987.; 
Wellcome trust SOP) 

 
2.10. Brachial width 
The subject’s left arm is raised forward to the horizontal and the forearm is bent to a right (90º) 
angle at the elbow, with the dorsum of the hand facing the examiner. Palpate the lateral and 
medial epicondyles of the humerus, place the sliding caliper jaws to their outermost sites and 
measure the greatest bony width across the elbow joint. This measurement is usually oblique 
since the medial epicondyle of the humerus is lower than the lateral. Exert pressure to 
compress the tissues, read the measurement and document the reading. 
 
(Reference: Weiner JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981.) 

 
 
2.11. Sternal notch-finger length 
This is the distance from the middle of the sternal notch to the tip of the middle finger with the 
arm held out horizontally to the side. Both sides should be measured. If there is a discrepancy, 
the measurements should be repeated and the longest one taken. The height (in metres) can 
then be calculated as follows: Height=[0.73 (2*half arm span)]+0.43 
 
(Reference: World Health Organization, Management of severe malnutrition: a manual for physicians and other 
senior health workers, WHO, Geneva, 1999) 

 
2.11. Spirometry 
Explain the procedure to the subject who should loosen any tight clothing. He/she should sit 
upright on a chair in a comfortable ambient temperature. Give a demonstration of the forced 
vital capacity manoeuvre. Allow an initial practice attempt and observe the subject for any 
faults. After explanation a second practice blow is made. Recording: Ask the subject to insert 
the mouthpiece, close the lips around it and to breathe in to a maximum, to breathe out as 
deeply and as quickly as possible, and then to inhale again. Record three trials with an interval 
of at least 15 s between them. 
 
(References: Jaeger Toennies, Hoechberg, Germany: Master Scope Installation Instruction, Version 4.5.; Weiner 
JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981. ATS: Standardization of Spirometry, 
Am. Rev. Respir. Dis., 136: 1285-98, 1987.) 

 
2.12. Blood pressure measurement 
The subject should be seated in a quiet room at a comfortable temperature, his/her arm 
should not be constricted by clothing, and he should not have taken exercise, been exposed 
to cold, eaten or smoked for half an hour prior to the recording. He should not have changed 
his posture for five minutes prior to the recording. The arm (either left or right) is supported 
comfortably at the vertical level of the 4th  intercostal space at the sternum (‘heart level’) at an 
angle of between 0° and 45° from the trunk. The pressure cuff with bladder for adults must be 
used. It is applied closely to the upper arm, with its lower border about 2.5 cm above the 
elbow. For the measurement of blood pressure rapidly inflate the cuff to a pressure of about 
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30 mm Hg above that at which the radial pulse can no longer be felt. Place then the 
stethoscope lightly over the brachial artery in the cubital fossa and immediately allow the 
mercury column to begin to fall, at a rate of 2mm/s. The first perception of sound is taken as 
the level of the systolic pressure. The diastolic pressure is taken as the point at which the 
sounds disappear (5th phase). Deflate then the cuff to zero pressure. Repeat the 
measurement of blood pressure two times during an examination and document the readings. 
 
(Reference: Weiner JS and Lourie JA: Practical Human Biology. Academic Press, London, 1981.) 

 
 
2.13. Ankle brachial pressure index (ABPI) 
Explain procedure to the subject. Ensure the ambient temperature is comfortable, ask them to 
remove tight clothing from arms and legs and lie flat for approximately 5 minutes. Brachial 
recording: Place an appropriately sized sphygmomanometer cuff around the right arm just 
above the elbow. Apply gel to the Doppler probe, hold the probe between the forefinger and 
thumb at a 45 degrees angle, place over the brachial pulse and optimise the signal. Whilst 
keeping the probe still, inflate the cuff until the Doppler sound disappears and then very slowly 
deflate the cuff until the sound returns. This is the brachial systolic pressure. Repeat on the 
left arm and document the recordings. Ankle recordings: Place the cuff around the left leg just 
above the malleolus (tubing facing upwards). Apply gel to the Doppler. Locate the dorsalis 
pedis pulse and optimise signal. Whilst keeping the probe still, inflate cuff until the Doppler 
sound disappears. Slowly deflate the cuff until the sound returns. Repeat the measurement on 
the posterior tibial. Repeat procedure on the right ankle and document the recordings. 
 
(Reference: The Wellcome Trust: Clinical Research Facility Guidelines, 2001.) 

 
2.14. Digital ECG recording 
See user’s manual attached to the device 
Device: Mortara ELI 500, 5 minutes recording (6 blocks of 30 sec measurements); printed 
copy of the ECG is given to the examinees, while the digital recording is stored in the device 
and later transferred to the computer and stored.  
 
2.15. Pulse-wave analysis  
See user’s manual attached to the device 
Device: Sphygmocor AtCor Medical 
 
2.16. Bone densitometry 
See user’s manual attached to the device 
Device: DXL CalcScan  
 
2.17. Retinal (fundus) photography 
See user’s manual attached to the device 
Device: CR-DGi Canon  
 
2.18. Eye traits 
See user’s manual attached to the device 
Device: Nidek ECHO US-1800 and NIDEK ARK-30 auto refractometer 
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3. Blood extraction protocol 
 

1. Label all blood tubes, microtubes and racks with unique identifiers for that day's 
recruitment (plus colour label to indicate EDTA, Citrate or Gel).  

2. Take blood into 6 tubes in the sequence: EDTA1, Gel, Citrate, EDTA2 (2.6ml), EDTA3 
(1.2ml), EDTA4  

3. Spot of whole blood (up to 125µl) from each individual onto Whatman FTA card (there 
should be sufficient amount of blood on needletip at removal for this) 

4. Record time of collection and details of any problems with venepuncture (could affect 
clotting factor levels). Two-men team will be standing by (doctor-nurse) that will 
provide assistance in such cases, ensuring that the venepuncture process continues 
and no delays are placed upon blood handling procedure 

5. Invert all tubes 10 times (DO NOT SHAKE) 
6. 9ml EDTA1 tube – As soon as practical take off cap and extract the following with 

automatic pipette and filter tips in this sequence 

a. 2 screwcap vials of 1 ml of whole blood kept around 20°C if possible 
b. Place the EDTA and Citrate tubes in refrigerator at 4°C 
c. CENTRIFUGE 

7. Gel tube must be left at room temperature for 30 minutes (to clot) before spinning 
8. 4 tubes (EDTA1, Gel, Citrate, EDTA2) should be centrifuged in refrigerated centrifuge 

at 2,000 g for 15 minutes at 4°C; carry out aliquoting steps immediately after spinning 
has stopped at (ideally all gel tubes should be left for about the same time to clot so 
don’t leave for much more than 30 minutes). The blood sampling is very quick and for 
practical reasons the samples should be spun when 4 samples have been allowed to 
clot for at least 30 minutes. 

9. Plasma should be removed from both EDTA tubes if available. Approximately, 2ml 
from EDTA1 and 3ml from EDTA2. This should be dispensed to:  

a. 500 µl aliquots into 2 dedicated microtubes for clotting factor analysis, sent to 
Dr Salzer 

b. remainder will be aliquoted in 200µl aliquots into 2-D barcoded tubes  
c. each sample tube will be colour coded and a grid reference of each storage 

box will be kept  
d. the information from this aliquoting will be entered into the  database supplied 

with the tubes, and also kept a paper copy as a contingency plan 
10.  9ml GEL tube 

a. CENTRIFUGE 
b. upon centrifuging aliquote 800 microlitres and put into 2 microtubes (each of 

400 microlitres). Send to Dr Salzer; store at -70°C storage 
c. pipette off all serum and dispense 200µl aliquots into microtubes 
d. freeze at -70 
e. Discard the tube 

11. 4.5 Citrate tube 
a. CENTRIFUGE 
b. keep on cool block while dispensing until subsequent transfer to minus 70 

c. pipette 500 µl aliquots into 2 dedicated microtubes for clotting factor analysis  
d. pipette one microtube of 400µl in the fridge for Dr Salzer (fibrinogen)   
e. pipette remainder into 200µl  aliquots  
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f. store at -70°C 
g. Discard the tube 

12. EDTA2 2.6 ml 
a. Store at room temperature 
b. Send to Edinburgh in the same lot as the 2 whole blood vials 

13. EDTA3 1.2 ml 
a. Freeze immediately  
b. Send to lab for HbA1c analysis 

14. EDTA4 
a. CENTRIFUGE 
b. After taking the serum out combine the buffy coats from the two EDTA tubes 

and store in one 
c. Store the buffy-coated tube at -70 
d. Discard the remaining tube (see note 9 for the full EDTA details) 

15. Urine 
a. First morning urine, mid-stream, to be sampled into the general plastic 

container, and then aliquoted to a total of 5 tubes (1ml tubes) 
b. Store tubes at -70 

16. Disposal policy 
a. Dispose sharp items and used tubes into the hard plastic container  

 
3.1. Items that are to be delivered to different locations:  

1) Edinburgh, three times a week: EDTA 2.6 ml; this is to be stored in a cardboard box, 
and sent to Edinburgh without freezing, using DHL  

2) Zagreb, biochemical lab [upon completing a rack]: (1) 200 µl whole blood microtube, 
(2) 2 microtubes at 500 µl of plasma, (3) 2 microtubes at 400 µl of gel plasma, and (4) 
one 400µl microtube of citrate  

3) Split, Medical School (DNA extraction) [upon completing a rack]: merged EDTA tube  

 
3.2. Biochemical analyses 
 
A set of biochemical analyses will be performed for each examinee, and the results will be 
sent by the post office to their home addresses (as indicated in the questionnaire). This basic 
set comprises of total cholesterol, LDL, HDL, triglycerides, glucose, HbA1c, calcium, albumin, 
creatinine, fibrinogen and urate.  
 
Laboratory analyses were made in “Labor Centar” biochemical lab, Bukovcev trg 3, 10000 
Zagreb, Croatia (www.laborcentar.hr, e-mail: labor.centar@zg.htnet.hr).  
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Laboratory ranges for the biochemical measurements are:  

Measure Units Laboratory range 

Creatinine µmol/L 79 – 125 

Uric acid µmol/L 182 – 403 

Glucose mmol/L 4.4 – 6.4 

Cholesterol mmol/L less than 5.2 

Triglycerides mmol/L less than 1.7 

HDL mmol/L Men: less than 1.0; women: less than 1.2 

LDL mmol/L less than 3.0 

Calcium mmol/L 2.14 – 2.53 

Albumin g/L 39.6 – 48.4 

HbA1c mmol/L less than 6.4 mmol/L (not percentage) 

Fibrinogen g/L 1.8 – 3.5 

 
Measurement methodology: cholesterol – fotometry with cholesterol oxidase (CHOD PAP); 
triglycerides – UV fotometry with glycerolphosphate-oxidase (GPO PAP); HDL cholesterol – 
homogene enzyme method with modified PEG and acyclohexane-sulphate; LDL cholesterol 
– calculated according to Friedewald, if the triglycerides are less than 4.6 mmol/L; glucose – 
UV hexokinase fotometry; creatinine – creatininase based fotometry; HbA1c (whole-blood 
sample) – cation exchange, immunochemistry electrophoresis and affinity linking, that is 
compatible with DCCT/UK PDS standard; urate – uricase UV fotometry; calcium – o-
cresolphtalein fotometry (OSR 6113); albumin – brocrensol-green fotometry; fibrinogen – 
Clauss coagulation method.  
 
 
 
4. Cognitive testing 
 
Separate document is available for the cognitive battery tests. These include: EPQN (short 
form), GHQ-30 (General Health Questionnaire), digit-symbol coding (part of the Wechsler 
Adult Intelligence Scale), verbal fluency test, standard progressive matrices (20 min time limit), 
Mill-Hill vocabulary, Controlled Oral Word Association Test, and Wechsler Memory Scale.  
 
 
5. Questionnaires 
 
Total of 10 modules were prepared and used in surveying (see the end of this document for 
English version of the questionnaire):  

a. Personal and genealogical Information  
b. General Health Information     
c. Angina Pectoris Questionnaire 
d. EU Respiratory Health Survey      
e. Diabetes and Chronic Non-Communicable Diseases Questionnaire    
f. Socioeconomic indicators  
g. Nutrition Indicators 
h. Munich Chronotype Questionnaire 
i. Epworth Sleepiness Scale 
j. Berlin Sleep Apnoea Questionnaire 
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6. Recording of all alterations to standard operating procedures 
 
1. Upon reporting to the investigator at the reception desk, all subjects will turn in their 
information booklet with signed written consent and then they will be given a paper sheet 
listing all parts of the study process (e.g. questionnaire, blood extraction, blood pressure 
measurement, etc.). 
 
2. The subjects will be carrying that sheet with them at all times. After completion of each part 
of the study, the investigator will confirm that his specific part has been completed by signing 
next to his part of the study process. 
 
3. Apart from the line for this signature, there will also be another line on which the investigator 
will be able to record any alteration from the standard operating procedure. Examples are: 
"the subject seemed very agitated during the first blood pressure measurement", or "blood 
pressure measurement followed directly the blood extraction", or "the subject had bronchitis 
while doing FVC measurement", or "there were difficulties in extracting blood, which might 
affect the clotting factor measurements later on". The purpose of these recordings is to omit 
those specific data in the later analyses, so the obvious sources of errors are minimised. 
 
4. After completion of all parts of the study, the subjects will again report to the investigator at 
the reception desk. The investigator will check if they completed all the parts of the study and 
store the sheet in a "Quality Assurance Material" folder. 
 
 
7. Limiting the number of examiners for specific measure 
 
1. It is planned that all phenotype measurements are performed either by a single experienced 
examiner throughout the entire study, or a team of two persons working together. Any 
alterations from this plan will be recorded. 
 
2. Only the questionnaire part will be performed by more surveyors as it is time-consuming, 
but their initials will be recorded on the questionnaire for the possibility of subsequent 
assessment of inter-observer differences. 
 
 
8. Ensuring adequate staff training for phenotypic measurements 
 
1. One staff member underwent a training course in PWA, ECG and retinal measurement in 
Scotland in November 2006. This included training with standard equipment, repeated 
measurements with checking for intra-observer variation, checking and monitoring terminal 
digit preference and checking a minimum number of measurements. 
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9. Ensuring measurement equipment quality 
 
1. Scales - constant weight will be applied monthly before the measurements take place, to 
adjust for any changes in accuracy of measurements throughout the study. 
 
2. Sphygmomanometers - six new and calibrated sphygmomanometers will be purchased; 
only one would be used at a time (except for the ABPI measurements), and checked after 
each day of the use against the measurements of the other three; when there is a difference in 
measurements in one sphygmomanometer against the other three consistently greater than 
5%, that one would be dropped and the new one introduced and checked daily against the 
measurements of the other two, etc. 
 
3. Spirometer - the procedure of ensuring the accuracy of measurements suggested by 
manufacturer will be closely followed. This includes regular calibration of ambient conditions 
and volume calibration, as well as regular check of pneumotach. The ambient conditions 
including barometric pressure, temperature and relative humidity will be checked constantly 
and the calibration procedure undertaken if ambient data would change. For the volume 
calibration a calibration pump with the volume of 1 L will be used and connected to the 
pneumotach. The callibration is carried out under ATP conditions. The pneumotach tube and 
screen will be checked regularly for precipitation of water droplets. They will be changed after 
about 5 patients. 
 
4. Skinfold calipers - the accuracy of the instruments will be checked daily against a standard 
caliper gauge. 
 
5. Ankle brachial pressure index: Trained field workers will be checking the equipment output 
on themselves each morning. 
 
6. The single machine will be used for all measurements of specific traits and checked daily 
for accuracy according to procedures listed above. The exception might be the replacement of 
sphygmomanometers once they drift for more than 5% when compared to new and unused 
ones. 
 
 
10. Quality assurance procedures 
 
1. Date and season when measurements took place will be recorded for each participant in 
the study, as well as the room temperature for every examination room.  
 
2. A single person will be in charge of random spot check measurements. These will be 
performed randomly throughout the study. This person will monitor degree to which standard 
operating procedures were carried out in full and scoring each individual measurement, to 
assess not less than 5% of all measurements. The outcomes of this monitoring will be 
reviewed with the team weekly, to investigate if there was a drift in score values. 
 
3. The same person will also be in charge of recording dual measurements on not less than 
10% of all subjects, to correct for regression dilution bias throughout the duration of the study. 
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The outcomes of dual measurements will also be reviewed with the team weekly, to 
investigate if there was a drift in measurement values. 
 
 
11. Quality assurance for data entry and database creation 
 
1. The project will have a dedicated person to handle the data entry, checking of the data 
outliers, and preparation of the final (“frozen”) dataset.  
 
2. Double entry will be performed in the 10% of questionnaires, allowing estimation of the 
entry error rate. Re-entry of the entire dataset (all the surveys) should be performed if error 
rates exceed 0.5% 
 
3. Additionally, after completing the dataset, data dictionary will be created. This document will 
contain a name of every variable in the dataset, variable description, laboratory range or other 
important information, and summary statistics. In case the variable is continuous, average and 
standard deviation will be provided, alongside with median and interquartile range. Discrete 
and nominal variables will be presented as absolute numbers and percentages of every class. 
For all measurements a number of outliers will be provided, defined as the values that are 
more than 3 standard deviations from the population average value. These outliers will be 
checked by hand, to ensure the true values are entered into the dataset. The dataset will be 
delivered in the MS Excel format.  
 
 
12. Quality assurance for analyte integrity during transport 
 
1. One frozen serum rack will be collected from 50 randomly selected examinees and taken 
from -70C freezer at the site of the study to Edinburgh and analysed. Those values will be 
considered control values for analyte integrity. 
 
2. Then, after the transport of samples from the site of the study to the site of the initial 
storage, another frozen serum rack will be taken for the same 50 people from the -70C freezer 
in Zagreb and analysed in Edinburgh. This would assess the analyte integrity within the initial 
transport from the site of field study to Zagreb. 
 
3. Then, after the transport from of samples from Zagreb to Edinburgh, another frozen serum 
rack will be taken for the same 50 people from the -70C freezer in Edinburgh and analysed in 
Edinburgh. This would assess the analyte integrity within the transport from the Zagreb to 
Edinburgh. 
 
4. In additions to that, some standards will be put throughout the transport system and 
temperature monitors will be used in freezers in all transport that runs within Croatia and 
internationally. 
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13. Quality assurance for analyte integrity during storage 
 
1. A frozen serum rack will be taken for the same 50 people from the exercise above from the 
-70C freezer in Edinburgh and analysed in Edinburgh after every 2-3 months, to ensure the 
analyte integrity during storage. The same might be done with some standards put in storage 
racks. 
 
2. Temperature monitors will be used in all storage freezers. The storage freezers will also be 
equipped with alarms. 
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QUESTIONNAIRE – KORCULA ISLAND STUDY (version 1.2) 

 
 
 
 
 
 
 
 
 

INFORMED CONSENT 
 
 
 
 
 
I hereby declare that I have read all the information on the project provided in the information booklet, I 
understand all the details and I decided to participate in this study what I confirm by signing this document.  
 
 
 
 
 
__________________________    _________________________ 
Signature       Examinee ID 
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I. GENEALOGICAL DATA 

 
 
1. SURNAME:       ________________________________ 
 
2. MAIDEN SURNAME (women only):    ________________________________ 
 
3. NAME:      ________________________________ 
 
4. NICK-NAME:      ________________________________ 
 
5. DATE OF BIRTH:     ________________________________ 
 
 
6. BIRTH ORDER:         ______________ 
 
7. NUMBER OF SIBLINGS (YOURSELF EXCLUDED): 

(7a) Living       ______________ 

(7b) Deceased       ______________ 
 
8. NUMBER OF MARRIAGES SO FAR:     ______________ 
 
9. MARRIAGE AGE: 

 (9a) Yourself       ______________ 

 (9b) Your spouse       ______________ 
 
10. NUMBER OF CHILDREN:      ______________ 
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II. ANTHROPOMETRY 

 
 
11. HEIGHT        _________ mm  
  
12. WEIGHT              _________ kg 
 
13. STERNAL NOTCH-FINGER TIP LENGTH     _________ mm  
 
14. WAIST CIRCUMFERENCE       _________ mm   
 
15. HIP CIRCMFERENCE       _________ mm  
 
16. BRACHIAL WIDTH           _________ mm  
 
17. HEAD CIRCUMFERENCE      _________ mm 
 
18. BRACHIAL WIDTH        _________ mm  
  
19. SKINFOLDS 

(19a) Biceps      ________ ________ ________ mm 

(19b) Triceps      ________ ________ ________ mm  

(19c) Subscapular      ________ ________ ________ mm  

(19d) Suprailiac      ________ ________ ________ mm  

(19e) Abdominal      ________ ________ ________ mm  
 
 
20. DOMINANT ARM: 
         (1)  Left   (2)  Right                                ___ 
 
21. SPIROMETRY 
 

FEV1 _____________________   FEV1 _____________________ 

FVC  _____________________   FVC _____________________ 

PEF  _____________________   PEF _____________________ 

 
 
 
22. BONE MINERAL DENSITY  BMD       ________  
       
     T-score       ________ 
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III. CARDIOVASCULAR INDICATORS  

 
 
23. RESTING BLOOD PRESSURE, 1st measurement: 
 

(23a) Systolic             __ __ __   mmHg 

(23b) Diastolic            __ __ __   mmHg 
 
24. RESTING BLOOD PRESSURE, 2nd measurement: 
 

(24a) Systolic            __ __ __   mmHg 

(24b) Diastolic            __ __ __   mmHg 
 
25. ABPI 
 

(25a) Brachialis right           __ __ __   mmHg 

(25b) Tibialis posterior right           __ __ __   mmHg 

(25c) Dorsalis pedis right           __ __ __   mmHg 

(25d) Brachialis left            __ __ __   mmHg 

(25e) Tibialis posterior left           __ __ __   mmHg 

(25f) Dorsalis pedis left           __ __ __   mmHg 
 
 
26. Medications 
 

No Name Dose Frequency Taken today 

1    Yes  /  No 

2    Yes  /  No 

3    Yes  /  No 

4    Yes  /  No 

5    Yes  /  No 

6    Yes  /  No 

7    Yes  /  No 

8    Yes  /  No 

 
 
 
 

IV. GENERAL HEALTH INFORMATION 

 
27. GPs name:      ____________________________ 
 
28. Address:     _______________________________________________ 
 
29. Phone number:       ________________ 
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Have you, or have you ever had any of these diseases: 

    (a) Yes/No (b) Year (c) Taking medication 

30. Hypertension:    _____  _______ ______________________ 

31. Coronary heart disease:  _____  _______ ______________________ 

32. Stroke:   _____  _______ ______________________ 

33. Schizophrenia:   _____  _______ ______________________ 

34. Mania / depression:  _____  _______ ______________________ 

35. Cancer:   _____  _______ ______________________ 

36. Diabetes:   _____  _______ ______________________ 

37. Gout:    _____  _______ ______________________ 

38. Glaucoma:    _____  _______ ______________________ 

39. Arthritis:   _____  _______ ______________________ 

40. Renal disease:   _____  _______ ______________________ 

41. Ulcer:   _____  _______ ______________________ 
 
 
42. Other illnesses and/or diseases (self-reported):  
 
_________________________________________________________________________ 
 
43. Other medication: 
 
_________________________________________________________________________ 
 
44. Have you ever been in hospital treatment: 
 
_________________________________________________________________________ 
 
_________________________________________________________________________ 
 
_________________________________________________________________________ 
 
_________________________________________________________________________ 
 
 
45. Women only: 
 

(45a) Menarche (age):       ______ 

(45b) Have you got regular menstrual periods?     ______ 

(45c) If not, when did they stop?       ______ 

(45d) How many deliveries have you had?      ______ 

(45e) Stillborns?         ______ 

(45f) Spontaneous abortions?      ______ 

(45g) Surgical abortions?        ______ 
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V. OPHTHALMOLOGY  

 
 
46. Is examinee using any visual device:   No  Yes, which ________________________ 
 
47. Has examinee ever had some eye disease (details)  
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
48. Right eye measurements:  

(48a)  Spherical power    ________________ 
(48b)  Cylinder power   ________________ 
(48c)  Angle    ________________ 
(48d)  Corneal radius   ________________ 

 (48e)  Corneal thickness   ________________ 
(48f)  Anterior chamber depth   ________________ 
(48g) Lens thickness   ________________ 
(48h) Posterior chamber length  ________________ 
(48i) Eyeball length   ________________ 
(48j) IOL1    ________________ 
(48k) IOL2    ________________ 
(48l) IOL3    ________________ 
 

49. Left eye measurements:  
(49a)  Spherical power    ________________ 
(49b)  Cylinder power   ________________ 
(49c)  Angle    ________________ 
(49d)  Corneal radius   ________________ 

 (49e)  Corneal thickness   ________________ 
(49f)  Anterior chamber depth   ________________ 
(49g) Lens thickness   ________________ 
(49h) Posterior chamber length  ________________ 
(49i) Eyeball length   ________________ 
(49j) IOL1    ________________ 
(49k) IOL2    ________________ 
(49l) IOL3  
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VI. ANGINA PECTORIS QUESTIONNAIRE 

 
 
50. Do you ever feel pain or discomfort in your chest?     (1) Yes (2) No 
(if "NO", please proceed to question 57) 
 
51. Does this pain or discomfort develop when you walk uphill or very fast?  (1) Yes (2) No  
(if "NO", please proceed to question 57) 
 
52. Does this pain or discomfort develop even when you are walking in your normal rhythm on the flat 
surface? 
         (1) Yes (2) No 
 
53. What do you do when you feel the pain or discomfort in your chest? 

You stand still ___     You slow down ___     You keep walking at the same pace ___ 
 
54. Does this pain or discomfort go away once you stand still or sit down? 
         (1) Yes (2) No 
 
55. If yes, after how much time? 
       More than 10 minutes ___     10 minutes or less ___ 
 
56. Can you mark on the chest diagram below where exactly does the pain appear? 
 

 
 
 
57. Have you ever had a large pain across the entire front chest which lasted longer than 30 minutes? ___ 
        (1) Yes (2) No 
 
58. If yes, what was the cause? ________________________________________________ 
 
 

 



 176 

 

VII. EU RESPIRATORY HEALTH QUESTIONNAIRE 

 
59. Have you, over the past 12 months, ever had "heavy breathing" or wheeze in your chest?_____ 

(1) Yes  (2) No 
(If NO, please proceed to Question 62) 

 
60. When you heard the wheeze, would you also be short of breath?   _____ 
 (1) Yes  (2) No 
 
61. Do you have “heavy breathing” or wheeze when free of a cold or the inflammation of airways? 

_____ 
 (1) Yes  (2) No 
 
62. Did you ever wake up due to the feeling that your airways are “narrowed” during the last 12 months?
          _____ 
 (1) Yes  (2) No 
 
63. Did you ever wake up due to shortness of breath during the last 12 months?  _____ 
 (1) Yes  (2) No 
 
64. Did you ever wake up due to an attack of cough during the last 12 months?  _____ 
 (1) Yes  (2) No 
 
65. Did you have an asthma attack during the last 12 months?    _____ 
 (1) Yes  (2) No 
 
66. Do you currently take any asthma-related medications (including inhalators, aerosols or tablets)? 
          _____ 
 (1) Yes  (2) No  
 
67. Do you have any allergies of upper respiratory tract or “hay fever”?   _____ 
 (1) Yes  (2) No 
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VIII. WHO Diabetes and Chronic Non-Communicable Diseases Questionnaire 

 
 
72. Do you smoke?        _____ 

(1) Yes   (2) No   (3) Ex-smoker 
 
73. If yes, what do you smoke:       _____ 

(1) Cigarettes   (2) Pipe       (3) Cigars          
 
 
74. How many per day? ________________________________________________ 
 
75. Over how many years? ______________________________________________ 
 
 
76. Have you ever smoked?        _____ 
(1) Yes   (2) No    
 
77. If yes, for how many years and how many per day? 
 
__________________________________________________________________________________________
_ 
 
78. How many years ago did you stop smoking? _______________________________ 
 
 
79. Do you drink alcohol? Please clarify 

Drink type Amount in litres (per week) 

(a) Beer  

(b) White wine  

(c) Red wine  

(d) Bevanda  

(e) Hard liquor  

 
 
80. Physical activity during your every day’s work: 
 (1) sitting  (2) light (3) moderate  (4) hard   _____ 
 
81. Physical activity during the remainder of the day: 
 (1) sitting  (2) light (3) moderate  (4) hard   _____ 
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IX. SOCIO-ECONOMIC INDICATORS 

 
81. Years of schooling?    
 
82. Occupation:      _________________________________ 
 
83. Employment status?    
 
(1) employed 
(2) freelance  
(3) unemployed  
(4) retired 
(5) housewife  
(6) student 
(7) supported person 
(8) other, please define _________________________________________________ 
 
84. Household size (number of persons)?       ___ 
 
85. Please indicate your household/family material situation?     ___ 
 
(1) Much worse than others 
(2) Worse than others  
(3) Same as others 
(4) Better than others 
(5) Much better than others 
 
86. Monthly household income?         ___ 
 
(1) less than 2.000 Kn 
(2) 2.000 - 4.000 Kn 
(3) 4.000 - 6.000 Kn 
(4) 6.000 - 8.000 Kn 
(5) 8.000 - 10.000 Kn 
(6) over 10.000 Kn 
 
87. Number of rooms in your household?       ___ 
 
88. Please indicate your household belongings?     Sum:  ___ 
 
water pipeline  1   2 TV's     1 
toilet that can be flushed 1   dishwasher    1 
bathroom   1   computer    1 
gas/central heating  1   more than 100 books  1 
wooden floors  1   art paintings/pottery  1 
telephone  1   car    1 
VCR    1   cottage/2nd apartment  1 
freezer    1   boat    1 
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X. NUTRITION INDICATORS 

 
 
89. Number of daily meals:         ___ 

(1) one   (2) two (3) three   (4) four (5) five or more   
 
90. How often do you eat: 
    (1) daily       (2) sometimes          (3) never 
(90a) breakfast   _____  ______  _____ 
(90b) brunch   _____  ______  _____ 
(90c) lunch   _____  ______  _____ 
(90d) in the afternoon  _____  ______  _____ 
(90e) dinner   _____  ______  _____ 
 
91. Type of fat you are using? 

    (1) always         (2) sometimes       (3) never 
(91a) plant oils     _____  ______  _____ 
(91b) olive oil     _____  ______  _____ 
(91c) butter     _____  ______  _____ 
(91d) animal fat     _____  ______  _____ 
(91e) I don’t use fat at all    _____ 
 
92. Most commonly, you prepare your vegetables by:      ___ 

(1) cooking   (2) stir frying   (3) frying   (4) roasting (5) I don’t eat vegetables at all 
 
93. Do you eat fresh meals on a daily basis?       ___ 

(1) yes   (2) no 
 
94. How often do you use frozen vegetables in the food preparation?    ___ 

(1) daily   (2) sometimes (3) never 
 
95. How often do you use frozen meat in the food preparation?     ___ 

(1) daily   (2) sometimes (3) never 
 
96. How much liquid do you intake daily?       ___ 

(1) less than 1 L   (2) between 1 and 2 L  (3) over 2 L 
 
97. How much sugar do you intake daily?       ___ 

(1) less than one spoon   (2) one spoon   (3) more than one spoon    
 
98. Are you on a diet?         ___ 

(1) no   (2) all the time (3) currently (4) occasionally 
 
99. State the reason for being on a diet:       ___ 

(1) health-related   (2) personal 
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100. Please define the type of diet:        ___ 

(1) weight reduction   (2) diabetes related (3) heart or blood pressure related  (4) liver related 

(5) ulcer related (6) kidney related  (7) other health issues 
 
101. Are you a vegetarian:         ___ 

(1) yes   (2) no 
 
102. Do you take supplement vitamins?       ___ 

(1) daily (2) occasionally (3) never 
 
103. Which type of vitamins do you take:  
   (1) YES    (2) NO 
(103a) A   ______    ______ 
(103b) B   ______    ______ 
(103c) C   ______    ______ 
(103d) D   ______    ______ 
(103e) E   ______    ______ 
(103f) Multivitamin  ______    ______ 
 
104. Do you take supplement minerals at? 

  (1) daily (2) occasionally (3) never 
(104a) breakfast _____  ______  _____ 
(104b) brunch _____  ______  _____ 
(104c) lunch _____  ______  _____ 
(104d) afternoon _____  ______  _____ 
(104e) dinner _____  ______  _____ 
 
105. Which vitamins do you take: 

   (1) YES    (2) NO 

(105a) calcium ______    ______ 
(105b) magnesium ______    ______ 
(105c) iron ______    ______ 
(105d) others ______    ______ 
 
106. If employed, how do you go to work?       ___ 
(1) on foot  (2) bicycle/motorbike  (3) public transportation (4) car 
 
107. Are you engaged in any sport activity?       ___ 

(1) no (go to question 110)   (2) occasionally (3) actively 
 
108. How often?          ___ 

(1) daily   (2) 2-3 times a week (3) once a week   (4) sometimes  
 
109. How many hours a day?         ___ 

(1) less than an hour   (2) 1-2 hours (3) over 2 hours 
 
 



 181 

110.-163. How often do you eat following foods:  
 

FOOD TYPE (1) 
Daily 

(2) 
2-3 x 
a week 

(3) 
1 x 

a week 

(4) 
Rarely 

(5) 
Never  

MILK AND DERIVATES      

110. Milk      

111. Yogurt, etc.      

112. Sour cream      

113. Cottage cheese      

114. Smooth cheese      

115. Cheese      

MEAT       

116. Pork      

117. Beef      

118. Calf      

119. Lamb      

ORGANS AND DERIVATES      

120. Liver, brain, etc.      

MEAT DERIVATES      

121. Pancetta, etc.      

122. Sausages      

123. Salami      

124. Canned meat       

VEAL      

125. Rabbit, boar, etc.      

POULTRY      

126. Chicken      

127. Duck, turkey      

FISH AND DERIVATES      

128. White fish      

129. Oily fish      

130. Shells and crabs      

131. Squid, octopus      

132. Dried fish, salty sardines      

133. Other fish derivates      

EGGS      

134. Eggs      

VEGETABLES      

135. Leafy (lettuce, spinach, seakale)      

136. Root (carrots, beet root)      

137. Flowery (broccoli, cauliflower)      

138. Fruits (tomato, eggplant)      

139. Legumes (bean, peas, etc.)      

140. Pickled vegetables      

141. Potatoes      

142. Mushrooms      
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FOOD TYPE (1) 
Daily 

(2) 
2-3 x 
a week 

(3) 
1 x 

a week 

(4) 
Rarely 

(5) 
Never  

FRUITS      

143. Fresh fruits      

144. Nuts       

145. Cooked fruit      

146. Dried fruit      

BREADS AND CEREALS      

147. White bread      

148. Integral bread       

149. Muesli etc.      

150. Pasta and rice      

151. Cakes      

SWEETS      

152. Chocolate      

153. Cookies      

154. Bonbons      

155. Jam, marmalade, jelly, etc.      

INDUSTRIAL FOOD      

156. Soups       

DRINKS      

157. Vegetable juice      

158. Fruit juices and syrups      

159. Cedevita      

160. Fizzy drinks      

161. Hard liquor      

162. Coffee      

163. Tea      
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XI. General Health Questionnaire 

 
 
164. Have you recently been able to concentrate on whatever you're doing?   __ 
(1) Better than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual  
 
165. Have you recently lost much sleep over worry?      __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
166. Have you recently awoke often during night?      __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
167. Have you recently managed to keep busy?      __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
168. Have you recently got out of the house?       __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
169. Have you recently been in the same situation as other people     __ 
(1) Better than most   (2) Just the same   (3) Less than most (4) Much less than most 
 
170. Have you recently felt good in everything you did?      __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
171. Have you recently been happy with the way you managed all your tasks?   __ 
(1) More content   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
172. Have you recently felt warmth and affection for people around you?    __ 
(1) Better than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
173. Have you recently been able to get along with other people?    __ 
(1) Easier than usual   (2) Just the same   (3) Harder than usual   (4) Much harder than usual 
 
174. Have you recently spent much time in the casual talk with other people?   __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
175. Have you recently felt that you are playing a useful part in things?     __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
176. Have you recently felt capable to make decisions on various things?    __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
177. Have you recently felt limited all the time?       __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
178. Have you recently felt as if you can’t overcome all your difficulties?    __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
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179. Have you recently did you life seemed like an endless struggle?    __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
180. Have you recently been able to enjoy everyday activities?     __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
181. Have you recently taken some things heavy hearted?     __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
182. Have you recently worried and panicked without reason?     __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
183. Have you recently been capable to deal with your own problems?    __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
184. Have you recently felt over-pressured?       __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
185. Have you recently felt unhappy and depressive?      __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
186. Have you recently lost confidence?       __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
187. Have you recently thought about yourself as a worthless person?    __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
188. Have you recently felt that the life was completely hopeless?    __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
189. Have you recently felt full of optimism for your future?     __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
190. Have you recently been happy, overall?       __ 
(1) More than usual   (2) Just the same   (3) Less than usual   (4) Much less than usual 
 
191. Have you recently been nervous and tense all the time?     __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
192. Have you recently felt as if the life wasn’t worth living?     __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
 
193. Have you recently felt as if you couldn’t do anything due to nervous problems?  __ 
(1) Not at all   (2) Not more than usual (3) More than usual (4) Much more than usual 
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XII. Munich Chronotype Questionnaire 

 
194.  How many days per week do you work: ______ 
 
195. At what time do you start and finish work?  Start ______   Finish ______ 
 
196. How flexible is your work schedule: 
(1) Very flexible  (2) Somewhat flexible (3) Mainly inflexible (4) Very inflexible _____ 
 
197. On average, how long each day do you spend travelling to and from work? 

To work:  _________ minutes From work: _________ minutes 
 

198. In the past three months, have you had a job that required you to work in shifts?   
(1) Yes  (2) No 
 

Please answer all the questions, whether or not you work at all times. Use the 24 hour clock scheme (23 
hours instead of 11 hours). 

 
 

199. Work Days (including nights before work days) 

... I go to bed at ________ hours (see picture 1) 

... at ________ hours I decide to fall asleep (see picture 3) 

… it takes me about ________ minutes to fall asleep (see picture 4) 

… I wake up at about ________ hours (see picture 5) 

without alarm  ^  with alarm ^ 

... after ________ minutes, I get up  (see picture 6) 
 
On average, how much time do you spend outdoors during daylight hours (without a roof above your head) _____hours, and  
_____minutes 

 

200. Days off work (including nights before days off work) 

... I go to bed at ________ hours (see picture 1) 

... at ________ hours I decide to fall asleep (see picture 3) 

… it takes me about ________ minutes to fall asleep (see picture 4) 

… I wake up at about ________ hours (see picture 5) 

without alarm  ^  with alarm ^ 

... after ________ minutes, I get up  (see picture 6) 
 
On average, how much time do you spend outdoors during daylight hours (without a roof above your head) _____hours, and  
_____minutes 
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XIII. Epworth Sleepiness Scale 

 
  
201. How likely are you to doze off or fall asleep in the following 8 situations, in contrast to just feeling 
tired?  This refers to your usual way of life in recent times. Even if you have not done some of these 
things, try to work out how they would have affected you. Use the following scale to choose the most 
appropriate number for each situation. 
 
   Scale 
  0 = would never doze 
  1 = slight chance of dozing 
  2 = moderate chance of dozing 
  3 = high chance of dozing 
 
SITUATION        Chance of dozing 
 
Sitting and reading        ………………….. 
 
Watching TV        ………………….. 
 
Sitting inactive in a public place (e.g. a theatre or a meeting)              ………………….. 
 
As a passenger in a car for an hour without a break    ………………….. 
 
Lying down to rest in the afternoon when circumstances permit   ………………….. 
 
Sitting and talking to someone      ………………….. 
 
Sitting quietly after a lunch without alcohol     ………………….. 
 
In a car, when stopped for a few minutes in the traffic    ………………….. 
 
       TOTAL  _______________ 
 
 
Are you experiencing any difficulty with driving due to sleepiness:    _________         

(1)Yes     (2) No 
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XIV. Berlin Sleep Apnoea Questionnaire 

 
 
203. Do you ever snore during sleep?        ___ 

(1)  Yes     (2)  No     (3)  I don’t know  
 

204. If you snore, then it is:                  ___ 

(1)  Slightly louder that breathing     (2)  As loud as talking     (3) Louder than talking      
(4)  Very loud, it can be heard in the adjacent rooms 
 

205. How often do you snore?        ___ 

(1) Almost every day (2)  3-4 times per week     (3)  1-2 times per week     (4)  1-2 times per month      
(5) Never or almost never 
 

206. Has your snoring ever disturbed other people around you?     ___ 

(1)  Yes     (2)  No     (3)  I don’t know  
 

207. Have you ever been told that you had a breathing pause while sleeping?    ___ 

(1) Almost every day (2)  3-4 times per week     (3)  1-2 times per week     (4)  1-2 times per month      
(5) Never or almost never 
 

208. How often do you feel fatigue or tired after sleep ?       ___ 
(1) Almost every day (2)  3-4 times per week     (3)  1-2 times per week     (4)  1-2 times per month      
(5) Never or almost never 
 

209. While awake, do you feel fatigue or tiredness?                 ___ 
(1) Almost every day (2)  3-4 times per week     (3)  1-2 times per week     (4)  1-2 times per month      
(5) Never or almost never 
 

210. Have you ever dozed while driving a car?                          ___ 
(1)  Yes (2)  No 
 

211. If yes, how often does this happen?                             ___ 

(1) Almost every day (2)  3-4 times per week     (3)  1-2 times per week     (4)  1-2 times per month      
(5) Never or almost never 
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XV. AUDIOMETRY  

 
212. Have you ever had any hearing problem?      ______ 

(1)  Yes (2)  No      (3)  I don’t know  
 
213. Do you use any hearing device?       ______ 

(1)  Yes (2)  No     
 
214. Have you ever had any ear or hearing related disease?    ______ 

(1)  Yes (2)  No     
 
215. Has a member of your family any hearing problem?    ______ 

(1)  Yes (2)  No     
 
 
216. Audiometry result (attach paper form) 
 
 



 189 

 

XVI. COGNITIVE TESTS SCORES 

 
217. Digit symbol coding:       ____________________    
 
218. Mill-Hill:        ____________________ 
 
219. CPM:        ____________________ 
 
220. Verbal fluency:       F _______________ 
 

A _______________ 
 

S _______________ 
 

221. AVLT:    _____   _____   _____   _____   _____          _____       _____   _____  
  
222. EPQ    P_______  E_______  N_______  L_______ 
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XVII. COMPLETION 

 
 
1. BLOOD SAMPLE:   ___________________________ 
 
2. COGNITIVE TESTS (1):   ___________________________ 
 
3. COGNITIVE TESTS (2):   ___________________________ 
 
4. QUESTIONNAIRE:   ___________________________ 
 
5. ANTHROPOMETRY:   ___________________________ 
 
6. SPIROMETRY:    ___________________________ 
 
7. BONE MINERAL DENSITY:  ___________________________ 
 
8. OPHTHALMOLOGY:   ___________________________ 
 
9. AUDIOMETRY:    ___________________________ 
 
10. CARDIOVASCULAR BLOCK:  ___________________________ 
 
 
 
 
11. NOTES  
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 
________________________________________________________________________________ 
 

 

� CPM 
� MHV 
� EPQ 
� AVLT 
� DSC 
� FAS 
� GENEAL 
� SFOLDS 
� BMD 
� SPIRO 
� FNDPHO 
� REPHR 
� ECHO 
� AUDIO 
� PWA 
� ECG 
� ABPI 
� BP 
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8.3. Descriptive statistics of the investigated traits (Appendix III) 

Vis Island sample 

 

Trait Mean 
Std. 
deviation Median 

Interqu-
artile 
range Minimum Maximum 

Abdominal skinfold 
(mm) 39.73 17.46 38.40 25.50 5.60 91.00 

Albumin (g/L) 44.99 3.65 45.00 4.00 32.00 59.00 

Biceps skinfold (mm) 177.06 112.82 144.00 165.00 11.00 543.00 

Brachial width (mm) 67.71 7.10 67.50 10.00 6.90 88.00 

Calcium (mmol/L) 2.33 0.16 2.31 0.18 1.99 5.00 

Cholesterol (mmol/L) 5.10 0.97 5.00 1.30 2.20 10.00 

Cortisol (nmol/l) 620.52 227.21 590.93 269.69 64.14 1820.68 

Creatinine (mmol/L) 87.83 27.42 84.00 23.00 42.00 566.00 

CRP (mg/L) 2.59 4.90 1.22 2.07 0.15 86.70 

D-dimer (ng/ml) 249.49 174.98 197.00 181.50 2.00 1000.00 

Fibrinogen (mmol/L) 3.74 1.00 3.70 1.10 1.50 9.80 

HbA1c (%) 5.44 0.84 5.30 0.60 3.00 12.00 

HDL (mmol/L) 1.11 0.16 1.14 0.23 0.15 1.72 

Height (m) 1.68 0.10 1.67 0.15 1.43 2.04 
Hip circumference 
(mm) 1026.82 86.99 1021.50 97.50 632.00 1877.00 

Insulin (IU/L) 9.19 17.47 6.00 6.00 1.00 427.00 

LDL (mmol/L) 3.24 0.93 3.10 1.20 0.70 8.00 
Mean diastolic blood 
pressure (mmHg) 80.47 10.55 80.00 15.00 52.50 130.00 
Mean systolic blood 
pressure (mmHg) 137.38 23.24 134.25 30.88 89.50 225.00 
Subscapular skinfold 
(mm) 23.47 9.85 22.00 13.28 3.80 75.00 
Suprailiac skinfold 
(mm) 35.32 15.04 35.50 22.20 3.00 97.10 

tPA (ng/mL) 5.81 2.31 5.60 2.70 0.40 33.40 

Triceps skinfold (mm) 20.32 10.45 19.00 16.00 1.00 57.40 
Triglycerides 
(mmol/L) 1.70 0.99 1.40 0.90 0.50 11.40 

Uric acid (mmol/L) 310.08 94.47 301.00 126.50 74.00 688.00 

vWF (IU/dl) 134.40 44.42 129.00 58.00 33.00 309.00 
Waist circumference 
(mm) 957.74 118.47 966.00 168.50 655.00 1474.00 

Weight (kg) 77.03 14.75 76.00 19.90 43.80 153.00 

Abbreviations: CRP – C reactive protein, tPA – tissue plasminogen activator, vWF – von 
Willerbrandt factor 
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Korcula Island sample 
 

 Mean 
Std. 
deviation Median 

Interqu-
artile 
range Minimum Maximum 

Abdominal skinfold 
(mm) 33.96 11.64 33.40 15.95 3.40 72.00 

Albumin (g/L) 43.15 3.14 43.00 4.00 31.80 59.50 

Biceps skinfold (mm) 14.47 6.70 13.60 9.40 3.00 47.00 

Brachial width (mm) 68.51 7.78 68.00 10.60 2.26 98.40 

Calcium (mmol/L) 2.31 0.14 2.32 0.15 1.69 3.08 

Cholesterol (mmol/L) 5.94 1.23 5.80 1.50 2.70 11.30 

Creatinine (mmol/L) 81.14 15.44 79.00 20.00 39.00 144.00 

Fibrinogen (mmol/L) 4.57 1.50 4.40 1.88 1.60 11.40 

Glucose 5.81 1.54 5.40 1.00 3.80 17.50 

HbA1c (%) 5.79 0.76 5.60 0.60 4.80 12.80 

HDL (mmol/L) 1.46 0.35 1.42 0.47 0.76 2.74 

Height (m) 1.68 0.09 1.67 0.13 1.41 1.97 
Hip circumference 
(mm) 1040.57 78.56 1039.00 101.00 748.00 1563.00 

LDL (mmol/L) 3.81 1.04 3.70 1.30 1.30 8.00 
Mean diastolic blood 
pressure (mmHg) 101.16 13.58 80.00 14.00 50.00 125.00 
Mean systolic blood 
pressure (mmHg) 156.22 12.59 138.00 30.00 90.00 215.00 
Subscapular skinfold 
(mm) 20.82 7.05 20.00 9.20 7.20 58.80 
Suprailiac skinfold 
(mm) 27.94 9.92 27.20 13.35 6.00 69.80 

Triceps skinfold (mm) 22.02 7.58 22.00 10.30 4.20 55.20 
Triglycerides 
(mmol/L) 1.48 1.24 1.22 0.80 0.30 21.84 

Uric acid (mmol/L) 292.86 76.90 288.00 107.00 103.00 560.00 
Waist circumference 
(mm) 941.10 121.59 950.00 165.00 620.00 1385.00 

Weight (kg) 79.12 14.27 77.65 19.10 49.90 166.60 

Abbreviations: CRP – C reactive protein, tPA – tissue plasminogen activator, vWF – von 
Willerbrandt factor 
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8.4. An overview of lipidomics and glycomics (Appendix IV) 

The definition of lipidomics refers to the lipid profile in a cell, cell culture, 

tissue or an entire organism; it is also defined as the study on pathways of lipids and 

their metabolism (1). The definition of gylcomics includes all the sugars in similar 

setting. An extension of this definition classifies both lipidomics and glycomics as 

members of the “omics” group, both falling into a group known as the metabolomics 

(Figure 1).  

 

 

 

 
 
Figure 1. Schematic representation and relationship of genome, transcriptome, 
proteome and metabolome. 
 

The development of highly precise measuring methods such as the advanced 

mass spectrometric techniques enabled the classification of a waste number of 

lipidomic traits (a total of 377 distinctive measures were available for this study). 

Biologically, the lipidomics encompasses a very important group of molecules which 

are involved in the cellular structure creation (lipid bilayer and other membranes), 

metabolic pathways and an important part of various regulatory processes that take 

place within the cell. This is best seen in the case of the neuronal metabolism, where 

disorders of various lipid classes are known to cause various disruptions in the 

metabolism as well as some clinically distinctive entities (2).  

The central role that some of these lipids have in the cell metabolism means 

that some of them are expected to be associated with various diseases, namely 

cardiovascular diseases, where lipid disorders are considered as a widely accepted 

risk factor. However, we are still lacking sufficient information on the exact 

relevance in the cell metabolism and the effects that each of these fraction has on 

human health and disease. All these features make lipidomic classes one of the 

highly interesting research targets in modern genetic epidemiology.  
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Similarly to lipidomics, glycomics is a general term related to all of the sugar 

classes in each cell or metabolism. Glycomics present another interesting research 

target due to their important role in the posttranslational modification of some of the 

highly important proteins. Disorders of glycosylation cover a wide range of diseases, 

from immunological disorders, cancer or even some dermatological disorders such as 

cutis laxa (3,4).  

The main recent advance in both groups was made possible by the invention 

of the high-throughput methods to measure these molecules, based on either mass 

spectrometry or other highly precise molecular measuring methods (5-7).  

 

 
References 

1.  Wenk MR. The emerging field of lipidomics. Nat Rev Drug Discov 2005;4(7):594-610.  

2.  Han, X. Neurolipidomics: challenges and developments. Frontiers Biosci, 2007;12:2601-15. 

3.  Peracaula R, Barrabés S, Sarrats A, Rudd PM, de Llorens R. Altered glycosylation in tumours 

focused to cancer diagnosis. Dis Markers. 2008;25(4-5):207-18. 

4.  Morava E, Wopereis S, Coucke P, Gillessen-Kaesbach G, Voit T, Smeitink J, Wevers R, 

Grünewald S. Defective protein glycosylation in patients with cutis laxa syndrome. Eur J Hum 

Genet. 2005;13(4):414-21. 

5.  Wolf C, Quinn PJ. Lipidomics in diagnosis of lipidoses. Subcell Biochem, 2008;49:567-88. 

6.  Rudd PM, Guile GR, Küster B, Harvey DJ, Opdenakker G, Dwek RA. Oligosaccharide 

sequencing technology. Nature, 1997;388(6638):205-7. 

7.  Rudd PM, Rudan I, Wright AF. High-Throughput Glycome Analysis Is Set To Join High-

Throughput Genomics. J Proteome Res, 2009;8(3):1105.  

 

 

 



 195 

8.5. Publications (Appendix V) 

Publications which I co-authored, directly associated with the PhD Thesis   

1. Polasek, Hayward C, Vitart V, Kolcic I, McQuillan R, Wilson J, Rudan I, 

Wright A, Campbell H, Leutenegger AL. Comparison of different methods of 

estimating individual genome-wide homozygosity-by-descent based on 

human genomic data. Manuscript submitted to Heredity in March 2009 

 

2. Pulanic D, Polasek O, Hayward C, Vitart V, Petrovecki M, Vorko-Jovic A, 

Pericic M, Barac Lauc L, Martinovic Klaric I, Biloglav Z, Kolcic I, Zgaga L, 

Carothers AD, Janicijevic B, Smolej Narancic N, Wright AF, Rudan P, 

Hastie ND, Campbell H, Rudan I. Effects of isolation and inbreeding on 

human quantitative traits – an example of biochemical markers of hemostasis 

and inflammation. Human Biology 2008;80:513-33. [JOINT FIRST 

AUTHOR] 

 

Accepted manuscript in the original format (prior to acceptance)  

 

3. Rudan I, Carothers AD, Polasek O, Hayward C, Vitart V, Biloglav Z, Kolcic 

I, Janicijevic B, Smolej-Narancic N, Barac-Lauc L, Pericic M, Weber JF, 

Rudan P, Hastie N, Wright AF, Campbell H. Quantifying the increase in 

average human heterozygosity due to urbanization. European Journal of 

Human Genetics 2008;16(9):1097-102 [JOINT FIRST AUTHOR] 

 

Reprinted by permission from Macmillan Publishers Ltd: European Journal 

of Human Genetics, 16(9):1097-102, copyright, 2008 

 

 

4. Campbell H, Carothers AD, Rudan I, Hayward C, Biloglav Z, Barac L, 

Pericic M, Janicijevic B, Smolej-Narancic N, Polasek O, Kolcic I, Weber JL, 

Hastie ND, Rudan P, Wright AF. Effects of individual genome-wide 

heterozygosity and outbreeding on human health. Human Molecular 

Genetics, 2007;16(2):233-41. 

 

Reprinted by permission from the Oxford University Press (Rightslink licence 

number 2080260319881) 

 

5. Carothers AD, Rudan I, Kolcic I, Polasek O, Hayward C, Wright AF, 

Campbell H, Teague P, Hastie ND, Weber JL. Estimating human inbreeding 

coefficients: comparison of genealogical and marker heterozygosity 

approaches. Annals of Human Genetics 2006;70(5):666-76. 

 

Reprinted with permission from Wiley-Blackwell (issued Dec 02, 2008) 

 

 



 196 

6. Vitart V, Biloglav Z, Hayward C, Janicijevic B, Smolej-Narancic N, Barac L, 

Pericic M, Martinovic Klaric I, Skaric-Juric T, Barbalic M, Polasek O, Kolcic 

I, Carothers A, Rudan P, Hastie N, Wright A, Campbell H, Rudan I. 3000 

years of solitude: extreme differentiation in the island isolates of Dalmatia, 

Croatia. European Journal of Human Genetics 2006;14:478-87. 

 

Reprinted by permission from Macmillan Publishers Ltd: European Journal 

of Human Genetics, 14:478-87, copyright, 2006 

 

7. McQuillan R, Leutenegger AL, Abdel-Rahman R, Franklin CS, Pericic M, 

Barac-Lauc L, Smolej-Narancic N, Janicijevic B, Polasek O, Tenesa A, 

Macleod AK, Farrington SM, Rudan P, Hayward C, Vitart V, Rudan I, Wild 

SH, Dunlop MG, Wright AF, Campbell H, Wilson JF. Runs of homozygosity 

in European populations. American Journal of Human Genetics 

2008;83(3):359-72 

 

Reprinted from American Journal of Human genetics, Vol 83 (3) 359-72, 

Copyright 2008, with permission from Elsevier (Rightslink licence number 

2081440810744) 

 

 

Publications that I co-authored within the research group 

 

1. Polasek O, Marusic A, Rotim K, Hayward C, Vitart V, Jankovic S, Boban M, 

Biloglav Z, Kolcic I, Krzelj V, Terzic J, Matec L, Tometic G, Nonković D, 

Nincevic J, Pehlic M, Zedelj J, Velagic V, Juricic D, Kirac I, Belak 

Kovacevic S, Wright AF, Campbell H, Rudan I. Genome-wide association 

study of anthropometric traits in Korcula Island, Croatia. Croatian Medical 

Journal, 2009;50(1):7-16. 

2. Rudan I, Marusic A, Jankovic S, Rotim K, Boban M, Lauc G, Grkovic I, 

Dogas Z, Zemunik T, Vatavuk Z, Bencic G, Rudan D, Mulic R, Krzelj V, 

Terzic J, Stojanovic D, Puntaric D, Bilic E, Ropac D, Vorko-Jovic A, Znaor 

A, Stevanovic R, Biloglav Z, Polasek O. 10001 Dalmatians: Croatia 

Launches its National Biobank. Croatian Medical Journal, 2009;50(1):4-6. 

3. Biloglav Z, Zgaga L, Smoljanovic M, Hayward C, Polasek O, Kolcic I, Vitart 

V, Zemunik T, Boraska V, Torlak V, Mulic R, Ropac D, Grkovic I, Rudan D, 

Ristic S, Barbalic M, Campbell H, Wright AF, Hastie N, Rudan I. Historic, 

demographic and genetic evidence suggests that highly lethal 15th century 

epidemics increased population frequencies of CCR5∆32 mutation in 

Croatian island isolates. Croatian Medical Journal, 2009;50(1):34-42. 

4. Knezevic A, Polasek O, Gabela P, Rudan I, Campbell H, Hayward C, Wright 

A, Kolcic I, O'Donoghue N, Bone J, Rudd P, Lauc G. Variability, Heritability 

and Environmental Determinants of Human Plasma N-Glycome. Journal of 

Proteome Research, 2009;8:694-701.  



 197 

5. Kolcic I, Polasek O, Rudan I. Gender differences in spousal household 

material status estimation. Journal of Epidemiology and Community 

Health, 2009;63:175-176. 

6. Johansson A, Marroni F, Hayward C, Franklin CS, Kirichenko AV, Jonasson 

I, Hicks AA, Vitart V, Isaacs A, Axenovich T, Campbell S, Dunlop MG, 

Floyd J, Hastie N, Hofman A, Knott S, Kolcic I, Pichler I, Polasek O, 

Rivadeneira F, Tenesa A, Uitterlinden AG, Wild SH, Zorkoltseva IV, 

Meitinger T, Wilson JF, Rudan I, Campbell H, Pattaro C, Pramstaller P, 

Oostra BA, Wright AF, Duijn CM, Aulchenko YS, Gyllensten U; on behalf 

of the EUROSPAN Consortium. Common variants in the JAZF1 gene 

associated with height identified by linkage and genome-wide association 

analysis. Human Molecular Genetics. 2009;18(2):373-80 

7. Vitart V, Rudan I, Hayward C, Floyd J, Knott S, Kolcic I, Graessler J, 

Polasek O, Wilson J, Marinaki A, Wilde S, Morgan J, Campbell S, Biloglav 

Z, Janicijevic B, Smolej-Narancic N, Barac-Lauc L, Pericic M, Martinovic 

Klaric I, Zgaga L, Shu X, Gray N, Hohenstein P, McKeown P, Rudan P, 

Wright AF, Campbell H, Hastie ND. The major facilitator superfamily 

member SLC2A9 influences serum uric acid, gout and metabolic syndrome. 

Nature Genetics 2008;40(4):437-42 

8. Polasek O, Kolcic I, Smoljanovic A, Stojanovic D, Grgic M, Ebling B, Klaric 

M, Milas J, Puntaric D. Demonstrating reduced environmental and genetic 

diversity in human isolates by analysis of blood lipid levels. Croatian 

Medical Journal. 2006;47(4):649-55.   

9. Smoljanovic A, Vorko Jovic A, Kolcic I, Bernat R, Stojanovic D, Polasek O. 

Micro-scale socioeconomic inequalities and health indicators in a small 

isolated community of Vis island, Croatia. Croatian Medical Journal 

2007;48:734-40. 

10. Ivkovic V, Vitart V, Rudan I, Janicijevic B, Smolej-Narancic N, Skaric-Juric 

T, Barbalic M, Biloglav Z, Polasek O, Kolcic I, Visscher P, Hayward C, 

Hastie ND, Anderson N, Campbell H, Wright AF, Rudan P, Deary IJ. The 

Eysenck personality factors: psychometric structure, reliability, heritability 

and phenotypic and genetic correlations with psychological distress in an 

isolated Croatian population. Personality and Individual Differences, 

2007;42(1):123-33. 

 

 


