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The dramatic changes in human population structure over the last 200 years have resulted in significant
levels of outbreeding, which, in turn, is predicted to lead to increased levels of individual genetic diversity
(genome-wide heterozygosity, h). To investigate possible effects of these large demographic changes on
global health, we studied the effect of h, measured as relative heterozygosity, hg, on 15 disease-related
traits in four groups of individuals with widely differing ancestral histories (ranging from outbred to
inbred) from the Dalmatian islands in Croatia. Higher levels of hg, estimated using 1184 STR/indel markers,
were found in the outbred group (P < 0.0001) and were associated with lower blood pressure (BP) and total/
LDL cholesterol (P = 0.01 and 0.01, respectively) after controlling for other factors, with BP showing a strong
sex effect (males P> 0.5 and females P = 0.002). These findings, if replicated, suggest that hp be considered
as a genetic risk factor in genetic epidemiological studies on common disease traits. They are consistent with
the well-known effects of heterosis (hybrid vigour) described when outcrossing animals and plants.
Outbreeding resulting from urbanization and migration from traditional population subgroups may be lead-
ing to increasing hz and may have beneficial effects on a range of traits associated with human health and
disease. Other traits, such as age at menarche, 1Q and lifespan, which have been changing during the
decades of urbanization, may also have been influenced by demographic factors.

INTRODUCTION

The demographic structure of human populations changed dra-
matically in the last 200 years. Over this period, total human
population rapidly expanded (from 1.5 to over 6.2 billion)
and the percentage of the human population inhabiting cities
has increased from 2 to nearly 50% (1). This process of
urban—rural migration, whereby people have migrated from
villages of origin which are more genetically uniform to
form larger settlements, has resulted in the breakdown of
population barriers, leading to marriage outside the traditional
group and mixing of genetically different populations (2,3).

This has also been reflected in the decreasing extent of popu-
lation substructure over the period 1900 to present day (4).
The health effects of this change in genetic structure of
human population have not been investigated to date.

An immediate predicted effect of urbanization and admix-
ture is an increase in average individual genome-wide hetero-
zygosity, h, and this has been reflected in reports of higher
heterozygosity in younger populations (5). Admixture of indi-
viduals from different genetic populations can be expected to
increase 4 in the offspring, just as inbreeding within isolated
communities can be expected to decrease /. Quantitative gen-
etics theory predicts that this should influence the variation in
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biological traits that show significant dominance variance
(6,7). These include traits that represent risk factors under-
lying conditions accounting for a major proportion of human
disease burden such as systolic blood pressure (SBP), total
cholesterol and LDL cholesterol (8,9). These traits were
responsible for ~20% of the total burden of disease in indus-
trialized countries in 2000 (hypertension 11% and hypercho-
lesterolaemia 8%) (10). In contrast, traits that do not show
dominance variance such as height, body mass index and
HDL cholesterol would not be expected to be affected by
increasing /4 (8,9).

Three of our recent findings form a scientific basis for this
study. First, we have reported important inbreeding effects
on a range of physiological traits and diseases in humans,-
which are consistent with this hypothesis (11,12). Secondly,
we have proposed a model of highly polygenic genetic archi-
tecture of complex traits and diseases of post-reproductive
age, which could not have been mainly shaped through pre-
reproductive selective forces (13). Thirdly, we have shown
that at a population-based level, high-density SNP marker
scans can be useful for investigating the effects of homozyg-
osity levels on quantitative traits (QTs) that are sensitive to
inbreeding (14). In this study, we extend our observations of
inbreeding effects by estimating the effect of relative hetero-
zygosity, hg, on several biomedically relevant human QTs:
SBP, diastolic blood pressure (DBP), total cholesterol, HDL
and LDL cholesterol, triglycerides, glucose, height, weight
and body mass index.

RESULTS

Genotyping results

A total of 385 samples and controls and 1240 polymorphic
markers were analysed, giving a total of about 477 000 geno-
types. We typed control DNA samples ‘blind’ as a means of
estimating typing error and found the averaged genotype
error rate to be 0.69%. The distribution of individuals by per-
centage of markers successfully completed throughout the
sample was 97-100% completed —27.5% of sample; 94—
96% completed —21.5% sample; 90-93% completed
—21.0% sample and <90% typed —29.7% of the sample.
In total, 1188 markers were assessed for Hardy—Weinberg
(HW) equilibrium with 198 showing some evidence of depar-
ture from HW (at P < 0.05 level).

Variation in hy across sample groups

The mean value of 4 ranged from —0.013 + 0.004 (SEM) in
the inbred group to +0.013 + 0.004 (SEM) in the outbred
group; the difference between these groups being large and
highly significant (P < 0.0001) (Tables 1 and 2). Thus,
recent inbreeding and outbreeding were associated with a
change in /y; in opposite directions, as predicted, and of
approximately equal magnitude from the value of %y in the
groups of individuals with no recent history of inbreeding or
outbreeding. The mean level of relative heterozygosity
varied substantially across the groups, the mean value being
almost 3% higher in the ‘inbred’ than ‘outbred’ groups

Table 1. Comparison of relative heterozygosity, /z, across sample groups

Description N Mean SE (mean)
Inbred 73 —0.0126 0.0039
Endogamous 48 —0.0002 0.0048
Exogamous 48 +0.0008 0.0048
Outbred 64 +0.0132 0.0042

Table 2. Differences in relative heterozygosity across sample groups

Comparison Difference  SE (difference) 7-value  P-value
Inbred—outbred —0.0258 0.0057 —4.52 <0.0001
Inbred—endogamous —0.0124 0.0062 —2.01 0.046
Endogamous—outbred  —0.0134 0.0064 —2.10 0.036

Investigation of the range of heterozygosity, A, across groups by estimat-

ing relative heterozygosity (hz = excess heterozygosity/expected hetero-

zygosity) for each group as a means of controlling for differing allele

frequencies across different communities.

Group definitions:

(a) Inbred: evidence of recent inbreeding from genealogical data.

(b) Endogamous: all four of participant’s grandparents born in village of
residence; no evidence of recent inbreeding from genealogy.

(c) Exogamous: two to three of participant’s grandparents born in village
of residence, no evidence of recent inbreeding from genealogy.

(d) Outbred: zero to one of participant’s grandparents born in village of
residence and no two born in same settlement; includes some from
outside Dalmatian island populations.

(Table 2: significance of difference in Az between inbred
and outbred groups P < 0.0001).

Effect of level of heterozygosity on QT values

The relationship between 4z and QT values was explored by mul-
tiple regression analyses, with each QT as the dependent variable.
A total of 15 QT variables were analysed as outcome variables.
Table 3 summarizes the estimated coefficients and their standard
errors in these models, for the 231 individuals on whom full infor-
mation was available. Five of the 15 QTs were significant at the
P <0.05 level. For SBP, the main predictors were age
(P <0.0001), sex (P=0.092), In weight (P =0.022) and &
(P =0.009). The estimated effect of sy was an increase of
1.09 mm (SE 0.42) in SBP per 0.01 increase in /g. For DBP,
the predictors were age (P < 0.0001), sex (P =0.52), log
weight (P = 0.003), socio-economic status (P = 0.035) and 4
(P=10.011). The estimated effect of Az was an increase of
0.52 mm (SE 0.20) in DBP per 0.01 increase in /.

After adjusting for treatments effects (see Materials and
Methods), the estimated effect on mean SBP of reducing 7/
by 0.01 increased from 1.09 to 1.27 mm. A similar result
held for mean DBP, suggesting that the effect of ignoring
medication is to underestimate the effect of ;. Regression
dilution resulting from imprecision in /4 estimates is predicted
to result in an underestimation of the regression coefficients
for BP of ~47% (see Materials and Methods).

Three other QTs—(log)total cholesterol, (log)LDL choles-
terol and forced expiratory flow (FEF,s)—showed a signifi-
cant relationship with sg (Table 3). The estimated effects of
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Table 3. Effect of relative heterozygosity (hz) on QT values® Table 4. Sex-specific effects of 4 on BP
QT N Multiple regression model Coefficient SE P-value

Coefficient Standard error P-value SBP, males s 56.3 0.96
DBP 23 —477 20.5 0.021  DBP, males +8.4 29.8 0.78
Log(total cholesterol) 200 —1.083 0439 0.014  DBP, females —89.2 277 0.002
Log(LDL cholesterol) 201 —1.539 0.597 0.011
Log(HDL cholesterol) 200 +0.172 0368 0.640 Multiple regression model as in Table 3, but with sexes analysed separ-
Log(triglyceride) 200 —0.46l 0.914 0.615 ately. None of the remaining QTs showed significant interactions with
Log{log(g_lu_cosg)} 201 +0.241 0.216 0.266 sex. The unit of the coefficients is in mmHg per 0.01 increase in /.
Log(creatinine) 200 —0.084 0.328 0.799
Urate 201 —147.9 136.7 0.281
Forced vital capacity 201 —2.381 1.250 0.058
Forced expiratory flow (FEF,5)° 200  —3.174 1366 0.021 DISCUSSION
Forced expiratory flow (FEFso) 201 —1.433 2.582 0.580 .
Forced expiratory flow (FEV;) 201 —1.458 1.065 0.173 Study hypothesis
Peak expiratory flow 201 +4.257 3.489 0.224 . . . .
Log(body mass index)® Bl 10.068 0279 0.807 Impairment of function due to homozygosity of recessive

“Predictor variables in the model were age, sex, In(height), In(weight),
education level, socio-economic status, smoking and alcohol indexes
and individual Az as defined in the text. Variables not significant at
P =0.05 were individually dropped until no further simplification was
possible.

®One outlier removed.

“In(height) and In(weight) not included as predictors for this variable.

hr on the QTs of greatest public health importance were large.
Extrapolating directly from study data, the effect is equivalent
to a rise of 6.8 mmHg (SBP), 3.3 mmHg (DBP), 6.8% (total
cholesterol) and 9.6% (LDL cholesterol), with the mean fall
in heterozygosity expected in the offspring of a first cousin
consanguineous marriage. These effects of /i are underesti-
mates because of regression dilution bias and, for BP, treat-
ment effects.

Other outcome variables. Models were explored with height
(In height) as the outcome variable (because height has not
shown dominance variance effects in previous studies) and
age, sex, years of schooling, socio-economic status score
and Ay as predictors. The only significant predictors were
age (P <0.0001) and sex (P < 0.0001). In particular, /g
was not significant (P = 0.50). Similarly, log(BMI) as
outcome variable showed no significant effect of /.

Investigation of gender effects

The relationship between 4z and SBP and DBP (but none of
the other traits) showed a strong interaction with sex
(Table 4), with the effect being essentially confined to
females (sex x hp highly significant at P << 0.001). The
effects of increasing sz on males (for both SBP and DBP)
were small, positive and non-significant, whereas those on
females were large, negative and highly significant. None of
the remaining QTs showed any effect of sex x Az with the
exception of FVC, where it was of marginal significance
(P =0.05). Supplementary Material, Figure S3(A—D) shows
plots of residuals of SBP and DBP for males and females,
after fitting age against /.

alleles has been reported through inbreeding effects on a
wide range of traits, suggesting a large number of deleterious
alleles in the genome. As most identified genetic variants
causing complex disease in humans are partially recessive
(15,16), we predicted that individual genome-wide heterozyg-
osity (k) might influence a wide range of complex disease
traits. Although there is an extensive literature on adverse
effects of inbreeding on reproduction, childhood mortality
and rare Mendelian disorders, the effects of inbreeding on
late-onset traits are largely unknown (17-19).

In order to investigate the hypothesis that the heritable com-
ponent of late-onset diseases includes a major class of deleter-
ious recessive alleles, we have recently studied the effects of
inbreeding on BP among 2760 adult individuals in a Dalma-
tian island isolate. The study demonstrated a large effect
equivalent to a rise in SBP of ~20 mmHg and DBP of
~12 mmHg in offspring of first cousin marriages. The effect
appeared to be mediated by several hundred recessive alleles
as a result of increased homozygosity (11). We extended
this observation by investigating the relationship between
inbreeding and the prevalence of 10 late-onset complex dis-
eases of public health importance. Our preliminary con-
clusions were that these data are consistent with our
hypothesis that inbreeding causes an increase in homozygosity
at many genetic loci with small and recessive deleterious
effects on homeostatic pathways, resulting in non-specific
breakdown of compensatory mechanisms, which, in turn,
result in increased disease risk. This is consistent with the
finding of greater influence of inbreeding on late-onset traits
possibly due to greater sensitivity of homeostatic mechanisms
in later life (6) and with reports of inbred animals having
poorer health outcomes when in a natural habitat (20,21). In
this study, we have generalized this finding to investigate
the effects of # on a range of traits which underlie >20%
(hypertension 11% and hypercholesterolaemia 8%) of the
total burden of disease in industrialized countries in 2000 (10).

Evidence for dominance variance in traits under study

Quantitative genetic theory predicts that a change in 4z should
have most influence on late-onset traits that show significant
dominance variance (7,10). The broad and narrow sense herit-
abilities of the traits, which we studied, have been reported in
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other populations (9,22,23). We expect that the reduced var-
iance in environmental exposures that is characteristic of all
genetic isolate populations will act to increase heritability in
our study population. In addition, owing to inbreeding and
relationships through multiple lines of descent, we expect
that our power to detect dominance variance will be increased
in this population. Our findings are consistent with the pub-
lished reports of dominance variance in BP, total cholesterol
and LDL cholesterol (8,9). In contrast, height, body mass
index, HDL cholesterol, creatinine, urate and forced expira-
tory volume (FEV;), which have not been shown to exhibit
dominance variance in previous studies (8,9,24), showed no
significant association with /A5 in this study.

Study results

Our experience in utilizing genetic short tandem repeat (STR)
markers to estimate heterozygosity led to a finding of a posi-
tive correlation between the number of markers successfully
typed and heterozygosity (negative correlation with /). We
excluded marker data from individuals for whom there were
data on less than 750 markers and corrected for any remaining
effect statistically. This finding is consistent with the recent
report that ‘missing data can also result in false positives
(homozygotes) if samples with a particular genotype are
more likely not to be classified during genotyping; many gen-
otyping methods have lower success rates for heterozygotes,
so this scenario is not unrealistic’ (25). We believe that this
is due to the identification of alleles that show large differ-
ences in size being more error prone than where there are
only small differences in size. This can result from allelic out-
liers not being recognized and differences in peak height
resulting from different efficiencies of amplification of
alleles that differ in size. The correlation between number of
successfully typed markers and relative heterozygosity is
most likely due to differences in DNA quality. Poor DNA
quality is more prone to inefficient amplification of larger
alleles, which will tend to reduce h, values. In this study,
including marker data from all individuals would have intro-
duced bias because of a relative loss of heterozygotes
(increase of homozygotes) in individuals with the highest pro-
portion of missing marker data. It is important that future
studies are aware of and correct for this potential bias.

We selected individuals from a meta-population of genetic
isolates to maximize the range of observed sz and were able
to confirm the large variation in the value of 4. This variation
in Az is unlikely to be random or stochastic as it correlates
closely with individual genetic histories based on three gener-
ation pedigrees and the knowledge of the birthplaces of the
parents and grandparents of participants. Our measure of /iy
is able to give a valid comparison of heterozygosity across
groups, as it controls for differing allele frequencies across
different communities. We suggest, therefore, that 4z influ-
enced by population substructure, recent inbreeding and popu-
lation admixture are the underlying mechanisms of the effects
that we have observed.

The inverse relationship between hgz and BP extends the
findings of previous reports of inbreeding effects on this trait
(11,26,27), whereas those with total and LDL cholesterol
and FEF,s are novel findings. The strong interaction in

effect on SBP and DBP between /i and sex is also a novel
finding. Sex-specific dominance effects have been reported
for a variety of QTs in humans (8,9,28), pointing to the poss-
ible importance of variants affecting genetic regulation in
determining trait values (29). Strong empirical support for fre-
quent and substantial sex effects on heritability (including
dominance components) in complex traits has been described
in other organisms, including Drosophila (30). There are a
number of possible explanations for the effect of gender on
BP, although there is little direct evidence bearing on this
issue. These include hormonal effects on endothelial function
and oxidative stress. In males, the lack of oestrogenic protec-
tion against oxidative damage to endothelial cells when com-
pared with pre-menopausal females may mask genetic
differences in oestrogen-response genes.

The effects of hz on BP are in the same direction as, but
somewhat lower than those that we reported previously in
the sample of 2760 subjects from Brac, Hvar and Korcula.
These discrepancies could be explained, at least, in part by:
(1) effects of medication, ignoring of which leads to underes-
timation of effect size (medication was not available at the
time of the previous study); (ii) random variation, reflected
in the large standard errors of the estimated effect sizes and
(iii) regression dilution resulting from imprecision in the
F-estimates [predicted underestimation of the regression coef-
ficients of ~47% (see Materials and Methods)].

The reason why there is an inverse relationship between /i
and BP is unclear, but may be a consequence of directional
dominance, which has been widely observed for complex
traits in response to inbreeding. It may relate to the breakdown
of homeostatic mechanisms with age. Virtually, all specific
genetic effects identified to date in hypertension serve to
increase rather than decrease BP with increasing age, provid-
ing further support for the presence of alleles showing direc-
tional dominance (31).

Implications of study results

We propose that relative (genome-wide) heterozygosity (/z)
could represent a new genetic risk factor in observational ana-
lytic studies in epidemiological research on common complex
disease traits. The findings of this study are consistent with
reported inbreeding effects (associated with lower /) on
disease traits in animals and plants (32,33) and in humans
(12). However, this study extends previous reports of ‘inbreed-
ing depression’ on fitness and health-related traits by demon-
strating a positive effect of increased relative heterozygosity,
which is consistent with the positive effects of heterosis and
hybrid vigour, which have been demonstrated in animals and
plants, especially in the F1 generation (34). Thus, the break-
down of past population substructures and greater admixture
resulting from greatly increased human population mixing
and urbanization may be leading to increasing sz and ben-
eficial effects on a range of traits associated with human
health and disease.

The observed adverse effect of /z on the prevalence of
several different late-onset traits that represent major risk
factors for common complex diseases of late onset is consist-
ent with the presence of many deleterious recessive alleles,
located throughout the genome (15). This implies that the



study of inbred populations would be advantageous as the
increased gene dosage of such variants in inbred individuals
will tend to amplify their phenotypic effects when compared
with outbred populations, where most alleles are present in
heterozygotes (13). It is also consistent with a more general
effect of increased homozygosity at these loci, leading to an
accumulation of small deleterious effects on homeostatic path-
ways, which cumulatively increase disease risk. This suggests
a greater sensitivity of homeostatic mechanisms to inbreeding
in later life, as predicted by findings in animals. Decay of
homeostatic capacity would also be expected to lead to
reduced capacity to respond appropriately to diverse stimuli.
This is supported by the recent observations that the reduced
survival found in inbred animals is greater in the natural
habitat than in a controlled laboratory environment (35).

The adverse effect of inbreeding (with associated lower /)
on BP has been reported now in several large studies
(11,26,27,36). The size of this effect is substantial and could
be of public health significance. The sex-specific nature of
this effect has not been reported previously, but is consistent
with marked sex-specific differences in dominance variance
of BP traits which have been reported in the Hutterite popu-
lation (28). Further studies are warranted to investigate this
effect in more detail.

Raised BP and total/LDL cholesterol are estimated to be
responsible for ~20% of the total burden of disease in indus-
trialized countries (10) so that our finding of beneficial effects
of outbreeding on these and other health-related traits may be
of public health significance. The association of higher /# with
lower SBP, DBP, total/LDL cholesterol is consistent with the
well-known fitness effects of outcrossing in animals and
plants. The breakdown of population structure resulting from
urbanization may, therefore, have beneficial effects on a
range of traits associated with human health and disease.
Other traits, such as age at menarche, 1Q (37) and lifespan,
which have been changing in parallel with urbanization,
could also be influenced by this factor.

MATERIALS AND METHODS

Croatian island study population

The village populations of neighbouring islands in the eastern
Adriatic, Middle Dalmatia, Croatia (Fig. 1) represent a well-
characterized meta-population of genetic isolates (2,38—-43).
Although sharing similar environments, divergence in beha-
viour patterns for socio-cultural and economic reasons
through history led them to adopt consanguinity practices
ranging from extreme inbreeding to complete avoidance of
inbreeding, providing an excellent setting for this study
because we required to represent a broad range of heterozyg-
osities, /4, in order to maximize the power of our regression-
based analysis.

Selection of 1001 individuals in the overall study
population

Nine island settlements were carefully chosen to represent a
wide range of distinct and well-documented demographic
histories. We have previously reported very high level of
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Island Rab

= Banjol
Barbat
Lopar
Rab
Sup. Draga

Island Vis
= \Vis
= Komiza

=

Island Lastovo
Island Mljet

Figure 1. Map of Dalmatian genetic isolate.

differentiation between most of these island communities
based on Wright’s fixation indexes (43). We know from pre-
vious studies that the most common form of inbreeding in
these villages is at the level of second cousins marriages
(expected inbreeding coefficient in their progeny of 1.56%).
The observed inbreeding coefficients ranged from rare
progeny of first cousins (F of 6.25%) to more common
progeny of third cousins (¥ of 0.4%). The mean inbreeding
coefficients based on genealogy and marker data are presented
in Supplementary Material, Table S1 and Figure S2, respect-
ively, and the relationship between these two measures in Sup-
plementary Material, Table S2 and Figure S2. The fieldwork
was performed during 2002 and 2003 by a team that included
employees of the School of Public Health of the University of
Zagreb Medical School and the Institute for Anthropological
Research in Zagreb, Croatia. In each of the nine villages, a
random sample of 100 adult inhabitants was recruited.
Sampling was based on computerized randomization of the
most complete and accessible population registries in each
village, which included medical records (Mljet and Lastovo
islands), voting lists (Vis island) and household numbers
(Rab island). An additional 101 examinees were recruited
from second-generation immigrants into all nine villages to
form a genetically diverse control population sharing the
same environment. Ethical approval for this research was
obtained from appropriate research Ethics Committees in
Croatia and Scotland. Informed written consent was obtained
from all participants in the study.

Selection of a subsample of individuals for current analysis

Participants provided information on the names and place(s)
of birth of their parents and grandparents. From these data,
the percentage of grandparents born in the same village as
the participant was estimated. In order to maximize the
power of the regression analysis for a given genotyping cost,
we sought to study individuals likely to represent a wide
range of A. Thus, we identified 76 individuals for whom
there was evidence of recent inbreeding (category a). These



238 Human Molecular Genetics, 2007, Vol. 16, No. 2

comprised six from Banjol, 13 from Barbat, six from Lopar,
three from Rab, four from Supetarska Draga, 13 from Vis,
18 from Komiza, two from Lastovo and 11 from Mljet vil-
lages. There were 36 men and 40 women. The mean
(median) age of this sample was 58.4 (61) years with an age
range from 21 to 83 years.

For each of these, we also identified 228 (76 x 3) adults
who were individually matched [by village of residence, age
(+5 years) and gender, level of education and basic
socio-economic indicators], but with widely differing genetic
backgrounds according to personal genetic history (categories
b—d). We further identified another 28 individuals whose
grandparents either came from diverse backgrounds (n = 25)
and who had no history of recent inbreeding or who were
offspring of inbred individuals (n = 3). All these subjects
were selected independent of and blind to their phenotype
measurements. This yielded adults in the following four
groups for study:

(a) inbred: selected when there was evidence of recent
inbreeding from genealogical data;

(b) ‘endogamous’: when all four of the subject’s grandparents
were born in the subject’s village of residence, but there
was no evidence of recent inbreeding from genealogical
data;

(c) ‘exogamous’: when two to three of the subject’s grandpar-
ents were born in the subject’s village of residence, but
there was no evidence of recent inbreeding from genea-
logical data;

(d) outbred: zero to one of the subject’s grandparents born in
subject’s village of residence, and no two were born in the
same small settlement.

Three individuals had a genotypic sex that was apparently
incompatible with their reported sex. These may have been
due to clerical errors and were excluded from analyses of all
outcome variables, although they were retained for calcu-
lations of allele frequencies and heterozygosities.

Phenotypic and other measurements performed in the
sample

All of the examinees were first interviewed by one of the
trained surveyors, based on a questionnaire developed for
this research programme. The questionnaire collected data
on personal characteristics (name, date and place of birth,
gender, marital status, education level and occupation),
selected health-related lifestyle variables (such as diet and
smoking status), health complaints, drug intake and hospitaliz-
ation records. A socio-economic status score was defined by
the number of positive answers to a set of four questions on
ownership of household goods chosen to discriminate
between groups within the study population. SBP and DBP
in mmHg, lung function parameters, height (mm) and
weight (kg) were each measured in local health centres and
dispensaries between 8 and 11 a.m. All physiological measure-
ments were made by a survey team with many years of experi-
ence in similar surveys and using standard methods. BP
measurements were taken after a 10 min period of rest on
two occasions in subjects lying down with the cuff at the

level of the heart. Korotkoff sound V was taken as the diastolic
pressure. Biochemical analyses of creatinine, uric acid, HDL,
LDL, total cholesterol, triglycerides and blood glucose were
performed on fasting blood samples in fasting individuals (col-
lected between 8:30 and 9:30 a.m.). Samples were aliquoted,
stored in a —20°C freezer without delay and then transported
frozen to a single biochemical laboratory based in Zagreb. The
laboratory employed stringent internal quality control pro-
cedures and participated in and was accredited for performing
the analyses under study by an international external quality
assurance (RIQAS) group. Indexes of smoking and alcohol
consumption were obtained from standard questionnaires.
All data were (double) entered into a database for analysis.
The field work and data collection were carried out according
to the procedures laid down by UK and Croatian Ethics Com-
mittees. These included informed consent from all partici-
pants, covering the genetic analyses in the study.

DNA extraction and analysis

DNA was extracted from EDTA whole blood specimens by
the salting out procedure. DNA was stored at the MRC
Human Genetics Unit in Edinburgh. Thirty micrograms of
DNA in the required format was sent for genotyping to the
Center for Medical Genetics, Marshfield Medical Research
Foundation, USA.

Genotyping

Samples were analysed with 1184 autosomal markers compris-
ing microsatellite markers taken from the Marshfield Screening
Set and indel markers. Details of the genotyping methods can
be found at http://research.marshfieldclinic.org/genetics.

Calculation of genomic /i, values

Values of /1 were defined as relative heterozygosity [relative
heterozygosity (hz = excess heterozygosity/expected hetero-
zygosity| calculated using the weighted version of a method
we have recently described (14). Two methods of calculating
the expected heterozygosities were used (14). The first was
simply the proportion of heterozygotes observed at each
locus among those individuals for which a genotype was
reported. The second was the HW wvalue, based on the
observed allele frequencies from these individuals. The corre-
lation between the values of / calculated by the two methods
was 0.98. Their orderings and relative magnitudes were very
similar, but the mean value using the second method consider-
ably exceeded than that using the first method. This presum-
ably reflects the fact that the level of heterozygosity in this
mixed population sample is expected to be lower than that pre-
dicted under HWE because of the genetic subdivisions within
this meta-population. Because we are concerned only with
relative heterozygosity values in this study, however, further
results were restricted to those based on the first method.

We found a positive correlation between the number of STR
markers successfully typed and heterozygosity. This finding is
consistent with a recent report by Hirschhorn and Daly (25).
In this review, including marker data from all individuals
would have introduced bias because of a relative loss of
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Figure 2. (A) Relation between relative heterozygosity and numbers of markers genotyped per individual (N = 235). (B) Histogram of relative heterozygosity

values (hg), after removing the linear trend shown in Figure 2(A).

heterozygotes (increase in homozygotes) in individuals with
the highest proportion of missing marker data. We therefore
excluded marker data from individuals for whom there
were data on fewer than 750 markers. There remained a
dependency, albeit much reduced, between % and the
numbers of reported genotypes, even within this restricted
sample of individuals (Fig. 2A and B). This dependency was
eliminated by regressing the / values on the number of geno-
types, weighted by the inverse of their variance, and using the
residuals (4) as a predictor variable in further analysis.

Statistical analysis and modelling

Variation in h across sample groups. Data from 1184 autoso-
mal short tandem repeat and indel markers were used to esti-
mate genome-wide heterozygosity (%) in each individual. We
explored the range of 4 across groups by general linear

modelling by estimating relative heterozygosity (/z = excess
heterozygosity/expected heterozygosity), where expected
heterozygosity is the average heterozygosity across all
samples. The differences in relative heterozygosity between
the four study groups were explored by general linear modelling
with /i as the dependent variable, and log(height), log(weight),
years of schooling, socio-economic status score, age, sex,
smoking and alcohol indexes and sample group as predictors.
Starting with the full model, variables not significant at the
P =0.05 level were dropped one at a time until no further
simplification was possible. The final model contained sample
group as the only significant predictor (P < 0.0005).

Effect of hg on QT values. A total of 15 QT variables were
analysed as outcome variables. For the residuals to conform
approximately to normality, as required by the standard
least-squares regression, five variables were log-transformed
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and one was log(log)-transformed (Table 3). Two extreme out-
liers were also removed. To explore the possible effects of 7y
on each of these, a multiple regression model was constructed.
In this model, age, sex, In height, In weight, years of schooling,
socio-economic status score, smoking and alcohol indexes and
hr were forced as predictors. As mentioned earlier, the full
model was fitted first and then variables not significant at the
P = 0.05 level were dropped one at a time until no further sim-
plification was possible (apart from age and sex which were
forced into the model, regardless of significance). SBP and
DBP were taken as the mean of two SBP readings or of two
DBP readings, where two readings were available (208 cases),
or as a single reading where only one was available (25 cases).

We estimated the extent of underestimation of the
regression coefficients for BP because of regression dilution
resulting from imprecision in Ay estimates (~47%) as
follows: buue = best X (1 + Vest/VE), Where by is the true
regression coefficient, b the estimated regression coefficient,
Vest the estimation variance of Ay values and vg the real vari-
ation of &y values in the sample (44); in this case, the mean
Vest Was 0.0005585 and the overall variance of F values was
0.0011935, giving vg = 0.0011935 — 0.0005585 = 0.000635).

The analysis was repeated with interaction terms for sex x /g
and age x &y included as predictors. To explore the possible
effects of hypertension medication on the relationship between
hgr and SBP and DBP, subjects were recorded as taking/not
taking antihypertensive medication. Duration and dose of treat-
ment were not recorded. We postulated that the effect of medi-
cation would be to decrease mean SBP by 15 mm, then
explored this effect by adding 15 mm to the mean SBP for those
recorded as taking treatment as recommended by Tobin ez al. (45).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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