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(h 2  = 0.35) was observed on chromosome 5q35 (LOD = 1.85; 
p = 0.0008). While peak regions on chromosome 10p11.2 
(LOD = 1.27; p = 0.005) and 12q13 (LOD = 1.63; p = 0.003) were 
observed to segregate with principal components 1 (h 2  = 
0.33) and 4 (h 2  = 0.42), respectively.  Conclusion(s):  This study 
investigated a number of CVD risk traits in a unique isolated 
population. Findings support the clustering of CVD risk traits 
and provide interesting evidence of a region on chromo-
some 5q35 segregating with weight, waist circumference, 
HDL-c and total triglyceride levels.

  Copyright © 2009 S. Karger AG, Basel

  Introduction

  Cardiovascular disease is a leading cause of morbidity 
and mortality world-wide. The World Health Organisa-
tion reported a total of 16.7 million deaths globally in 
2002 to be a direct result of CVD  [1] . An individual’s risk 
of developing CVD is influenced by multiple environ-
mental and genetic factors. Major risk factors include to-
bacco use, physical inactivity, unhealthy diet, obesity, 
dyslipidemia, hypertension, diabetes mellitus and the 
metabolic syndrome. Combinations of these risk factors 
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  Abstract

   Objective(s):  An individual’s risk of developing cardiovascu-
lar disease (CVD) is influenced by genetic factors. This study 
focussed on mapping genetic loci for CVD-risk traits in a 
unique population isolate derived from Norfolk Island. 
 Methods:  This investigation focussed on 377 individuals de-
scended from the population founders. Principal compo-
nent analysis was used to extract orthogonal components 
from 11 cardiovascular risk traits. Multipoint variance com-
ponent methods were used to assess genome-wide linkage 
using SOLAR to the derived factors. A total of 285 of the 377 
related individuals were informative for linkage analysis.  Re-
sults:  A total of 4 principal components accounting for 83% 
of the total variance were derived. Principal component 1 
was loaded with body size indicators; principal component 
2 with body size, cholesterol and triglyceride levels; principal 
component 3 with the blood pressures; and principal com-
ponent 4 with LDL-cholesterol and total cholesterol levels. 
Suggestive evidence of linkage for principal component 2 
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along with a positive family history significantly increase 
the likelihood of disease and its related effects on morbid-
ity and mortality  [2] .

  Genome-wide studies of cardiovascular-related phe-
notypes report linkage to various chromosomal regions, 
indicating that this disorder is genetically heterogeneous. 
To simplify dimensions of CVD risk, multivariate data 
reduction techniques such as factor and principal com-
ponent analysis (PCA) have been employed to extract un-
correlated components from numerous inter-correlated 
phenotypes  [3, 4] . This method has been used to identify 
loci linked to the clustering of CVD indicators, particu-
larly those comprising the metabolic syndrome  [5–8] . Of 
particular relevance is the use of a genetic isolate derived 
from Kosrae  [5] . Isolated populations, like that of Kosrae, 
offer several advantages in gene mapping studies com-
pared to outbred populations, with extreme geographical 
and cultural isolation reducing the effects of non-genetic 
variables by promoting a uniform lifestyle  [9] . Genetic 
heterogeneity may also be reduced if the isolate is derived 
from a limited number of ancestors and has undergone 
population bottlenecks and endogamy during popula-
tion expansion.

  In the present study we tested the descendents of  HMS 
Bounty  mutineers and Tahitian population founders de-
rived from the Norfolk genetic isolate  [10] . Prior demo-
graphic analysis indicates this population possesses 
unique characteristics which may facilitate gene mapping 
studies of complex multifactorial diseases such as CVD 
 [3] . Quantitative epidemiological data was available for 
related individuals on body size, blood pressure and lipid 
levels, all factors which contribute to the risk of CVD. To 
examine the relationship of these indicators, principal 
component analysis was performed to extract orthogonal 
components. Linear scores were calculated for each indi-
vidual and used to determine the heritability of each fac-
tor in the population cohort. Quantitative trait loci seg-
regating with individual factors were then identified by 
multipoint variance components linkage analysis using a 
genome-wide panel of STRs.

  Methods

  Sample Ascertainment
  Norfolk is a small, isolated volcanic island situated in the 

South Pacific Ocean, approximately 1,700 kilometres northeast of 
Sydney. In 2001, the Island’s permanent population totalled 1574 
individuals of whom 756 claimed to be of Pitcairn decent  [11] . The 
population supports itself from local produce, however as a result 
of both isolation and small land mass the population is highly de-

pendent on imports of primary produce and manufactured goods 
 [11] . The Islanders live a relatively homogeneous lifestyle due to 
their isolation, strict quarantine and immigration laws and com-
munity centred culture. Furthermore, a large proportion of the 
adult population are descended from 9 Isle of Man  HMS Bounty  
mutineers, including acting lieutenant Fletcher Christian and 12 
Tahitian women who relocated to Norfolk Island from Pitcairn 
Island in the 1850s  [10] .

  Collection and phenotypic characterisation of the Norfolk Is-
land cohort has been previously described in detail  [3, 12] . Brief-
ly, ethical clearance was granted prior to the commencement of 
the study by the Griffith University Human Research Ethics 
Committee. Study participants over 18 years of age were recruited 
via local media announcements. All participants signed informed 
consent statements prior to inclusion in the study. A detailed 
questionnaire was used to obtain specific information from study 
participants including ancestry, lifestyle habits and extensive 
medical history. Participants were extensively phenotyped for an-
thropometric measures, blood pressure, lipids, lipoproteins and 
blood chemistry. Blood samples were not taken after fasting at the 
time of collection. Responses to medical questionnaires indicated 
that 40 individuals reported anti-hypertensive use and 22 indi-
viduals reported use of lipid lowering therapy at the time of re-
cruitment. Systolic and diastolic blood pressure values were cor-
rected for anti-hypertensive use in accordance with the methods 
described by Tobin et al. (2005).

  Pedigree Structure
  A total of 377 individuals were determined to have familial 

links to the Tahitian (Polynesian) and  HMS Bounty  mutineer 
founders and were thus the focus of this investigation. These re-
lated individuals make up part of the current Norfolk pedigree 
( n  = 6537) that extends through 11 generations to the original 
population founders  [3] . To alleviate analysis burden imparted by 
the presence of multiple inbreeding and marriage loops in early 
generations and the large volume of missing data, the pedigree 
was trimmed ( n  = 978) using a peeling algorithm in the pedigree 
database management system PEDSYS  [13] . A total of 285 geno-
typed and phenotyped individuals comprised the trimmed pedi-
gree structure; the remaining 92 individuals became disjoint and 
though not included in the linkage analysis results, were retained 
for principal component analysis and covariate screening.

  Norfolk Island represents an admixed population of Cauca-
sian (Isle of Man) and Polynesian (Tahitian) ancestry, which had 
expanded 11 generations since at the time of collection. Recent 
admixture is an important consideration in genetic studies. De-
pending on the ethnic origin, trait alleles can display markedly 
different frequencies and may confer varied risks in the case of 
disease. The haplotype surrounding the trait (or disease) allele 
may extend longer distances in admixed populations, leading to 
extended regions of linkage disequilibrium (LD) between loci. 
The presence of long range LD means that lower density STR 
maps should be sufficient to identify regions segregating with 
traits of interest. Due to these facts, admixture mapping has been 
used to localise loci for numerous disorders, including multiple 
sclerosis, prostate cancer and hypertension in populations with 
African American ancestry  [14–16] . Though the extent of admix-
ture is yet to be characterised in the Norfolk population, the ex-
tent of LD across a well-characterised region of the X chromo-
some and also between variants in the  NOS2A  gene on chromo-
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some 17q11.2-q12 has been previously assessed  [12] . This study 
revealed LD to extend approximately 9.5–11.5Mb across the 
Xq13.3 region in the Norfolk Island population, a result compa-
rable to those reported in other known population isolates  [17] .

  Genome-Wide Scan
  DNA was isolated from lymphocytes using a standard salting 

out procedure  [18] . Samples were genotyped at the Australian Ge-
nome Research Facility (AGRF) using the Applied Biosystems 
PRISM Human Linkage Mapping Set version 2.5. The linkage 
mapping set comprised of 382 highly polymorphic dinucleotide 
microsatellite markers, spaced at an average distance of 10 cM 
throughout the human genome. Markers were individually am-
plified by PCR using fluorescently labelled primer pairs. Markers 
were then pooled into panels for capillary separation on the 
ABI3730 DNA Analyser. Genotyping results were analyzed using 
ABI GeneMapper software version 4.0.

  Statistical Methods
  Data was screened using SPSS version 14.0. Measurements 

greater than or equal to 4 standard deviations from the mean were 
assessed and any data entry errors or extreme outliers were ex-
cluded. Components with a high kurtosis were log transformed. 
Only subjects with measurements for all phenotypes were includ-
ed in the principal component analysis. Differences in the sex-
specific means of the quantitative phenotypes were investigated 
by one-way analysis of variance (ANOVA).

  Principal components analysis was used to extract orthogonal 
components from cardiovascular and obesity related measure-
ments. Obesity related traits included body mass index (BMI) cal-
culated as kg/m 2 , hip circumference, waist circumference, per-
centage body fat and weight. Cardiovascular related traits includ-
ed blood pressures (systolic and diastolic), lipids (total cholesterol 
and triglycerides) and HDL-cholesterol and LDL-cholesterol lev-
els. The initial solution, principal component 1 explained the max-
imum variance, while successive components explained progres-
sively smaller portions of the total variance. Principal components 
were simplified by orthogonal rotation (varimax). This minimised 
the number of variables with high loadings on each component. 
Principal components with eigenvalues greater or equal to 1 were 
retained (principal components with variances less than 1 contain 
less information than one of the original variables and hence are 
not worth retaining). Relationships between components are ex-
plained by factor loadings, values greater than or equal to 0.4 were 
used to indicate meaningful correlations between the component 
and the variable. PCA has 4 statistical assumptions; (1) random, 
independent sampling; (2) interval level measurements; (3) linear-
ity, and (4) normality. In order to assess the violation of random, 
independent sampling, PCA component matrices were calculated 
100 times for n = 75 randomly selected individuals (20% of the to-
tal cohort). Coefficients of congruence were computed for the en-
tire dataset and each random sample  [19] .

  A regression method was used to estimate factor score coef-
ficients for the retained principal components and formed the 
basis of linkage phenotypes for each individual. Factor scores had 
a mean of 0 and a standard deviation of 1, skewness and kurtosis 
were less than 0.6, satisfying the assumption of normality. The 4 
factor scores were screened for the covariate effects of age, sex, 
age 2  and their interactions, prior to calculating heritability esti-
mates using SOLAR.

  Genotypic data was analysed for discrepancies, including 
mendelian inheritance violations using the PEDSYS program 
 INFER and Simwalk2  [13, 20] . The Pedigree RElationship Statis-
tical Test (PREST) was used to verify the pedigree structure and 
detect relationship misspecification  [21] . Discrepant genotypes 
were blanked prior to analysis. Identity-by descent (IBD) matrices 
were computed using the program Loki at points throughout the 
genome for every relative pair  [22] . Chromosomal marker maps 
were sex-averaged and obtained from the Marshfield Centre for 
Medical Genetics (http://research.marshfieldclinic.org/genetics). 
Multipoint variance component linkage methods were used to as-
sess linkage between the 382 autosomal markers and quantitative 
phenotypes using the statistical program SOLAR 4.0.6  [23] . Ad-
ditionally, each quantitative phenotype was simulated under the 
null hypothesis of no linkage. In this process, a fully-informative 
marker, unlinked to the trait, was simulated and trait linkage was 
tested at that marker 10,000 times for each quantitative linkage 
phenotype. This information was used to calculate empirical p 
values for LOD scores. For LOD score analysis in human pedi-
grees it has been proposed that a point-wise p value of 4.9  !  10 –5  
(LOD  � 3.3) is indicative of significant linkage, while a point-wise 
p value of 1.7  !  10 –3  (LOD  � 1.9) is suggestive at the genome-wide 
level  [39] . As these values do not take into account the effects of 
multiple independent tests, a Bonferroni correction was applied 
to adjust the significance thresholds for this study. Adjusted val-
ues of p = 4.3  !  10 –4  for suggestive linkage and p = 1.2  !  10 –5  for 
significant linkage were used to interpret results.

  Results

   Table 1  displays the population and sex-specific means 
and standard deviations of the original measurements 
used in the PCA for related Norfolk Island Individuals. 
The cohort used in this study consisted of 171 men and 
206 women. The mean age of both male and female were 
48.9 and 49.5 years, respectively, with little deviation in 
the variance between genders (p  1  0.05). The remaining 
11 quantitative phenotypes indicated significant (p  !  
0.05) sex-specific differences in trait variance. Males were 
observed to have significantly higher values pertaining to 
hip and waist circumference, BMI, weight, total triglyc-
erides, total cholesterol, LDL-cholesterol and diastolic 
and systolic blood pressures compared to females. Fe-
males had significantly higher values of percentage body 
fat and HDL-cholesterol levels than men.

  Analysis of BMI revealed Norfolk Islanders, particu-
larly males were on average slightly overweight. The ac-
cepted ranges for BMI were as follows; values of 25–29 
kg/m 2  were classified as overweight, 30–34 kg/m 2  as 
obese and 35 or above morbidly obese. Of particular in-
terest to CVD, trait break down of BMI indicated that 
39.3% of adults were overweight, 16.1% were obese and 
3.2% were morbidly obese. Women had a higher percent-
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age of body fat than men, however this difference is ex-
pected.

  Waist circumference is an indicator of abdominal obe-
sity, which according to the World Health Organisation 
(WHO) increases the risk of CVD in males and females 
with measurements exceeding 101 and 89 cm respective-
ly  [1] . The average waist circumference of males (95.1 cm) 
and females (81.2 cm) was within the recommended 
range. According to World Health Organisation guide-
lines 24.6% of males and 22.6% of females had values of 
waist circumference exceeding the recommended range 
and therefore at an increased risk of developing CVD.

  The average systolic (127.4) and diastolic (75.9) blood 
pressure, a strong indicator of hypertension and CVD, 
was within expected normal limits. Analysis of blood 
pressure revealed 27.7% of related individuals to be hy-
pertensive based on a systolic value  6 140 mm Hg and/or 
a diastolic reading  6 90 mm Hg. A total of 40 individuals 
reported using anti-hypertensive medications at the time 
of collection. As medication affects blood pressure mea-
surements and may impact upon the reliability of the re-
sulting test statistics, both diastolic blood pressure (DBP) 
and systolic blood pressure (SBP) measurements were ad-
justed using a correction devised by Tobin et al. (2005). 
This required adding 15 and 10 mm Hg to SBP and DBP 

scores for those individuals using antihypertensive med-
ications, respectively  [24] . The original and adjusted SBP 
and DBP are reported in  table 1 . A slight increase (29.6%) 
in the number of hypertensive individuals was observed 
when this correction was taken into account.

  Lipid analysis was compared to published WHO Eu-
ropean guidelines  [1] . Mean total cholesterol (5.6 mmol/l) 
exceeded the WHO European recommendation of less 
than 5.0 mmol/l. Mean total triglycerides (2.0 mmol/l) 
exceeded the recommended less than 1.7 mmol/l. Mean 
LDL-cholesterol levels (2.8 mmol/l) were in the healthy 
range of less than 3.0 mmol/l. While HDL-cholesterol 
levels in men (1.3 mmol/l) and women (1.5 mmol/l) were 
within the recommended limits (equal or greater than 1.0 
mmol/l in men and 1.2 mmol/l in females).

  Bivariate Pearson’s correlation coefficients and signif-
icance levels between the 11 variables are shown in  ta-
ble 2 . Examination of the component matrix indicated 
that there was a high degree of correlation among the 
variables. In total, 41 pairs of variables were significant 
below p = 0.001 level. The high level of correlations be-
tween the 11 variables supported the use of PCA.

  PCA extracted 4 components, which explained nearly 
83% of the total variation of the 11 original quantitative 
traits ( table 3 ). Principal component 1 had high loadings 
of traits that reflect body size, particularly adiposity (hip 
circumference, BMI, Percentage body fat, weight and 
waist circumference) and explained the largest portion of 
the total variance (44%). Principal component 1 is a strong 
indicator of atherosclerosis. Principal Component 2 was 
loaded predominantly with HDL-cholesterol, total tri-
glycerides, weight and waist circumference, all of which 
are associated with obesity and atherogenic dyslipidemia. 
Comparably, principal component 3 contained high load-
ings of blood pressure, reflecting the risk of essential hy-
pertension and lastly, principal component 4 was loaded 
with LDL-cholesterol and total cholesterol, both strong 
indicator of ischemic stroke and heart attack risk.

  To address the violation of independent random sam-
pling, 20% (n = 75) of the cohort was randomly sampled 
100 times. The first 4 principal components were assessed 
using the coefficient of congruence  [19] . This coefficient 
is used to compare the factor loadings of two separate 
groups by measuring the cosine of the angle between the 
two vectors. As the coefficient approaches 1, vector simi-
larity increases. For the current study, the mean coeffi-
cient of congruence between the entire sample and the 
100 random samples were as follows; 0.99 (95% CI = 0.99–
1.00) for principal component 1; 0.91 (95% CI = 0.89–
0.94) for principal component 2; 0.72 (95% CI = 0.66–

  Table 1.  Phenotypic characteristics of participants (mean  8  SD)

 Trait Both sexes
(n = 377) 

Males
(n = 171) 

Females
(n = 206) 

 Age, years 49.2 8 16.6 48.9 8 16.9 49.5 8 16.4 
 BMI, kg/m 2  26.3 8 4.6 27.5 8 4.1 25.4 8 4.7 
 DBP, mm Hg 75.9 8 13.3 79.3 8 12.6 73.0 8 13.2 
 DBP with adjustment,

  mm Hg 
 

76.8 8 13.6 
 

80.5 8 13.9 
 

73.6 8 12.6 
 HDLc, mmol/l 1.4 8 0.4 1.3 8 0.3 1.5 8 0.4 
 Hip circumference, cm  101.9 8 9.6  103.3 8 7.3  100.9 8 11.0 
 LDLc, mmol/l 2.8 8 1.0 3.0 8 0.9 2.7 8 1.0 
 Percent body fat, % 30.3 8 8.7 24.4 8 6.6 35.3 8 6.9 
 SBP, mm Hg  127.4 8 22.3  134.0 8 19.6  121.8 8 22.9 
 SBP with adjustment,

  mm Hg 
 
  129.2 8 24.0 

 
  135.7 8 21.2 

 
  123.7 8 24.9 

 TC, mmol/l 5.6 8 1.1 5.8 8 1.1 5.5 8 1.1 
 TG, mmol/l 2.0 8 1.2 2.3 8 1.3 1.7 8 1.1 
 Waist circumference, cm 87.3 8 13.7 95.1 8 11.1 81.2 8 12.4 
 Weight, kg 76.0 8 16.2 85.5 8 14.6 68.3 8 13.0 

 BMI = Body Mass Index; DBP = Diastolic Blood Pressure;
HCLc = High Density Lipoprotein cholesterol; LDLc = Low Den-
sity Lipoprotein Cholesterol; SBP = Systolic Blood Pressure; TC = 
Total Cholesterol; TG = Total Triglycerides. 
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0.77) for principal component 3; and 0.75 (95% CI = 0.70–
0.79) for principal component 4. These results indicate 
that the structures of principal component 1 and 2 were 
very close to the structure of the whole data, while prin-
cipal component 3 and 4 were a poorer fit. The first 4 de-
rived components for the 100 random samples accounted 
for 83.82% (95% CI = 83.50–84.14) of the total trait vari-
ance. The total variance of each individual component 

were; 45.07% (95% CI = 44.32–45.82) for principal com-
ponent 1; 17.08% (95% CI = 16.68–17.48) for principal 
component 2; 12.19% (95% CI = 11.95–12.42) for princi-
pal component 3; and 9.48% (95% CI = 9.26–9.70) for 
principal component 4.

  After assessing the coefficient of congruence we per-
formed heritability screening for the 4 components. Three 
of the four components were significantly heritable after 

  Table 2.  Pearson’s correlation coefficient matrix of the traits after normalisation and blood pressure adjustments

BMI DBP
adjusted 

HDLc  Hip cir-
  cumference 

 LDLc  Percent
  body fat 

 SBP
  adjusted 

 TC  TG*  Waist cir-
cumference 

 Weight 

 BMI 1.00 
 DBP adjusted 0.43 d  1.00 
 HDLc  –0.36 d   –0.11 1.00 
 Hip circumference 0.86 d  0.36 d   –0.23 d   1.00 
 LDLc 0.20 d  0.29 d   –0.06  0.18 c   1.00 
 Percent body fat 0.48 d  0.13 b  0.06  0.50 d   0.03  1.00 
 SBP adjusted 0.44 d  0.76 d   –0.14 b   0.37 d   0.26 d   0.06  1.00 
 TC 0.26 d  0.35 d  0.04  0.23 d   0.92 d   0.11 a   0.35 d   1.00 
 TG* 0.44 d  0.34 d   –0.48 d   0.33 d   0.25 d   0.12 a   0.38 d   0.41 d   1.00 
 Waist circumference 0.81 d  0.43 d   –0.39 d   0.77 d   0.26 d   0.17 b   0.48 d   0.31 d   0.46 d   1.00 
 Weight 0.84 d  0.39 d   –0.42 d   0.75 d   0.15 b   0.14 b   0.36 d   0.18 b   0.38 d   0.82 d   1.00 

 * Log transformed;  a  p < 0.05;  b  p < 0.01;  c  p < 0.001;  d  p < 0.0001. 

  Table 3.  Coefficients and variances of factors satisfying the eigen-
value ≥1 criterion

 Variable Principal component 

1 2 3 4 

 BMI 0.83  0.39 0.28 0.09 
 DBP adjusted 0.18 0.07 0.89  0.17 
 HDLc  –0.05  – 0.88  0.03 0.05 
 Hip circumference 0.87  0.26 0.22 0.08 
 LDLc 0.05 0.08 0.11 0.95  
 Percent body fat 0.78   –0.31  –0.08 0.07 
 SBP adjusted 0.14 0.14 0.90  0.15 
 TC 0.11 0.05 0.20 0.96  
 TG* 0.15 0.63  0.23 0.33 
 Waist circumference 0.61  0.54  0.35 0.14 
 Weight 0.63  0.57  0.27 0.01 

 Eigenvalue 4.88 1.86 1.29 1.09 
 Total variance, %  44.35  16.87  11.73 9.92 
 Accumulative variance, %  44.35  61.21  72.94  82.86 

 * Log transformed. Factor loadings in bold type are >0.4. 

  Table 4.  Summary of PCA genome scan results*

Principal
component

Chro-
mosome

cM Nearest marker (cM) LOD Empirical
p value

 1 1  237  D1S213 (232.69)  1.10  0.008 
7 30  D7S507 (32.20)  1.22  0.006 

 10 67  D10S208 (61.08)  1.27  0.005 
 12 74  D12S83 (75.06)  1.02  0.01 
 17 56  D17S798 (56.73)  1.00  0.01 
 20 24  D20S115 (25.13)  1.19  0.006 

 2 1 46  D1S234 (45.44)  1.11  0.01 
5  181  D5S400 (180.40)  1.85  0.0008 
7 56  D7S484 (55.58)  1.01  0.01 

 14  113  D14S985 (118.30)  1.11  0.01 
 15 15  D15S1002 (15.51  1.09  0.01 
 17 76  D17S1868 (75.89)  1.20  0.008 
 18 79  D18S474 (74.33)  1.02  0.01 
 20 3  D20S117 (2.94)  1.03  0.01 

 4  12 65  D12S368(67.52)  1.63  0.003 
 21 17  D21S1256(13.20)  1.10  0.01 

 * Only chromosomal regions producing LOD Scores ≥1 are 
displayed. 
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covariate correction. The heritabilities of principal com-
ponents 1, 2 and 4 were 0.33  8  0.14 (p = 0.007), 0.35  8  
0.17 (p = 0.02) and 0.42  8  0.12 (p = 0.0002). Principal 
component 3 was not significantly heritable (h 2  = 0.12  8  
0.19, p = 0.14).  Table 4  details the PCA phenotypes and 
markers that produced maximum LOD scores in regions 
throughout the genome. The highest LOD score detected 
in this study was linked to principal component 2. Sug-
gestive linkage for this phenotype was observed on chro-
mosome 5q35 with a maximum LOD score of 1.85 for 
marker D5S400 (p = 0.0008) ( fig. 1 ). The 1-LOD support 
interval extended from 174 to 193 cM. Principal compo-
nent 2 was observed to segregate with additional regions 
on chromosomes 1, 7, 14, 15, 17, 18 and 20 (p  !  0.01, LOD 
 1 1). Analysis of principal components 1 and 4 identified 
peak linkage signals on chromosomes 10 (LOD = 1.27; 
p = 0.005) and 12 (LOD = 1.63; p = 0.003), respectively. 
Additional linkage peaks for principal component 1 were 
localised to chromosomes 1, 7, 12, 17 and 20, while only 
one other peak was observed on chromosome 21 for prin-
cipal component 3.

  Discussion

  Isolates, such as Norfolk are unique populations to 
study complex multi-factorial disorders. The combina-
tion of geographical and cultural isolation leads to indi-

viduals sharing a common environment, minimising dif-
ferences in lifestyle factors such as diet, exercise and san-
itation compared to out bred populations. This has been 
observed particularly in Amish and Hutterite popula-
tions  [25, 26] . The homogeneous environment shared by 
individuals is of great significance in studies of complex 
disorders, particularly those of cardiovascular origin 
where there appears to be a threshold effect influenced by 
lifestyle factors. Norfolk is also of interest in genetic stud-
ies as a large number of individuals in this population can 
trace their heritage back to a small number of families 
derived from the original  Bounty  mutineer and Polyne-
sian founders. The limited number of ancestors minimiz-
es genetic heterogeneity. This can reduce the number of 
susceptibility genes underlying disease. As a result of the 
expected reduction in genetic and non-genetic variables, 
population isolates with known founder effect have been 
exploited in numerous gene mapping studies of complex 
disorders  [25–31] .

  This current study focussed on a large complex family 
from the Norfolk Isolate to dissect the genetic and envi-
ronmental variables underlying CVD risk. We performed 
PCA with orthogonal rotation to reduce 11 inter-corre-
lated variables into groups of independent (un-correlat-
ed) components. This data reduction method identified 
principal components that explained 83% of the variation 
in the original quantitative traits.   PCA identified four 
distinct components underlying CVD risk in this family. 
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  Fig. 1.  Multipoint linkage results for prin-
cipal component 2 on chromosome 5. 
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The component accounting for the largest portion of 
variation was strongly loaded by variables relating to obe-
sity, which has long been known to be an independent 
predictor of CVD-related morbidity and mortality  [32] . 
The second largest component, reflected traits of obesity 
loaded with HDL-cholesterol and triglyceride levels. In-
creased waist circumference, elevated total triglycerides 
and reduced HDL-cholesterol are 3 indicators of meta-
bolic syndrome and a strong predictor of CVD risk  [33] . 
Principal component 3 reflected the risk of essential hy-
pertension. Lastly, principal component   4 was composed 
of serum LDL-cholesterol and total cholesterol levels, 
which when elevated promote arteriosclerosis, increasing 
the risk of chronic heart disease (CHD), ischemic stroke 
and heart attack  [34] .

  Previous PCA studies have focused primarily on the 
metabolic syndrome, a major risk factor for CVD char-
acterised by the clustering of traits of insulin resistance, 
hypertension, dyslipidemia and obesity  [5–8, 31, 35] . Un-
fortunately, as values of serum levels of fasting glucose 
and fasting insulin were not available for our study par-
ticipants, insulin resistance could not be directly as-
sessed. However, our findings are consistent with other 
studies as obesity and lipid levels displayed high loadings 
in the derived components  [3–7, 36] . In particular, the 
loading patterns of weight and waist circumference in 
both the first and second components suggest a close re-
lationship between traits of obesity and CVD risk in Nor-
folk Islanders. This is supported by demographic studies, 
which report a higher prevalence of obesity and dyslipid-
emia in individuals of Polynesian ancestry  [37, 38] .

  This study is an extension of an epidemiological car-
diovascular study of Norfolk Islanders, which reported 
heritability estimates for eight of the eleven phenotypes 
presented in the current study  [3] . Heritability estimates 
in the original paper ranged from 0.19 for DBP to 0.63 for 
LDL-cholesterol. In the current study we detected a sub-
stantial genetic contribution for 3 of the 4 components, 
with estimates ranging from 0.27 to 0.43. The third com-
ponent, which reflected blood pressure, was not signifi-
cantly heritable. Heritability estimates for the 4 compo-
nents presented in this study are within the range of those 
reported by Bellis et al (2005). In the previous study, DBP 
was not significantly heritable (h 2  = 0.19, p = 0.06). Like-
wise in this study, the blood pressure component was not 
significantly heritable.

  The genetic predisposition of these phenotypes was 
investigated by means of non-parametric variance com-
ponent linkage analysis. The most significant linkage sig-
nal in this study was observed on chromosome 5q35. This 

locus was linked to the second component comprising 
weight, waist circumference, HDL-cholesterol and total 
triglyceride levels. A LOD score of 1.85 (p = 0.0008) was 
detected at marker D5S400. This locus was suggestive of 
linkage at the genome-wide threshold (p = 1.7  !  10 –3 ). 
However, after adjustment for the effects of multiple test-
ing across the four principle components, the 5q35 locus 
was no longer suggestive of linkage. However, this link-
age peak is of potential interest as it has been reported 
with a range of traits related to CVD risk.

  Linkage analysis in founder isolates of Kosraen and 
Amish origin have reported the 5q35 locus to segregate 
with serum leptin levels and BMI, respectively  [31, 40] . 
Additional family studies have reported segregation with 
traits of BMI, HDL-cholesterol levels, LDL-cholesterol 
levels, serum leptin levels, lean mass, body fat measures 
and type II diabetes mellitus within a 10 cM interval of 
D5S400  [8, 41–47] . Linkage results support this chromo-
some 5 locus to be strongly influenced by traits of obesity. 
Interestingly, the 5q34-qter chromosomal region con-
tains numerous obesity gene candidates. One such gene, 
the Beta-2-Adrenergic Receptor (ADRB2; OMIM 109690) 
spanning 5q32–34, a member of the G protein-coupled 
receptor superfamily, functions as a major lypolytic re-
ceptor in human adipocytes  [48] . Variations of this gene 
have been reportedly associated with nocturnal asthma, 
arteriosclerosis, hypertension, obesity, metabolic syn-
drome and type 2 diabetes  [49–54] . However, despite the 
number of positive associations there appears to be in-
consistencies between studies, for instance a candidate 
gene study conducted in 7,808 middle-aged white sub-
jects was unable to demonstrate any consistent associa-
tions between ADRB2 variants and obesity, hypertension 
or type 2 diabetes  [55] .

  In addition to the 5q35 locus, we identified peak LOD 
scores linked to principal components 1 and 4 on chro-
mosome 10p11.2 near marker D10S208 and 12q13 near 
marker D12S368, respectively. Though neither suggestive 
nor significant at the genome-wide threshold for linkage, 
these two regions have been reported to segregate with 
CVD-related risk traits. The chromosome 10 marker, 
D10S208 has been reported to be linked with obesity in 2 
large studies in European and African Americans  [56, 
57] . The second strongest signal in this study (LOD = 
1.63; p = 0.003) observed on chromosome   12q13. The 
component segregating with this locus was loaded with 
LDL-cholesterol and total cholesterol and is in the same 
vicinity of a region reported to segregate with LDL-cho-
lesterol and LDL-apoB levels  [58] . In addition to these 
peak regions for the 3 heritable principal components, 
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linkage peaks (LOD  1 1; p  !  0.01) were identified on chro-
mosomes 1, 7, 12, 14, 15, 17, 18, 20 and 21. Though these 
genetic loci were neither suggestive nor significant at the 
genome-wide threshold for linkage, their presence sup-
ports the underlying heterogeneous nature of cardiovas-
cular-related phenotypes.

  In conclusion, principal component analysis reduced 
11 interrelated CVD risk traits to 4 newly defined com-
ponents. As these components are uncorrelated, each one 
can be interpreted to represent a distinct phenotype un-
derlying CVD risk in Norfolk Islanders. Heritability 
screening indicated that these components are influ-
enced by a strong genetic element in this family. Linkage 
analysis identified a suggestive locus underlying CVD 
risk on chromosome 5, which has been reported to seg-
regate with similar phenotypes. Our findings support the 
clustering of CVD risk factors in Norfolk Islanders and 
report a potentially interesting latent cardiovascular risk 
variable loaded with obesity and lipid levels on chromo-

some 5q35. Further investigations are warranted in this 
population to characterise the nature and involvement of 
this locus in CVD risk.
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