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Heart rate (HR) has been identified as a risk factor for cardiovascular disease (CVD), yet little is known regard-
ing genetic factors influencing this phenotype. Previous research in American Indians (AIs) from the Strong
Heart Family Study (SHFS) identified a significant quantitative trait locus (QTL) for HR on chromosome 9p21.
Genetic association on HR was conducted in the SHFS. HR was measured from electrocardiogram (ECG) and
echocardiograph (Echo) Doppler recordings. We examined 2248 single-nucleotide polymorphisms (SNPs) on
chromosome 9p21 for association using a gene-centric statistical test. We replicated the aforementioned QTL
[logarithm of odds (LOD) 5 4.83; genome-wide P 5 0.0003] on chromosome 9p21 in one SHFS population
using joint linkage of ECG and Echo HR. After correcting for effective number of SNPs using a gene-centric
test, six SNPs (rs7875153, rs7848524, rs4446809, rs10964759, rs1125488 and rs7853123) remained significant.
We applied a novel bivariate association method, which was a joint test of association of a single locus to two
traits using a standard additive genetic model. The SNP, rs7875153, provided the strongest evidence for
association (P 5 7.14 3 1026). This SNP (rs7875153) is rare (minor allele frequency 5 0.02) in AIs and is
located within intron 9 of the gene KIAA1797. To support this association, we applied lymphocyte RNA
expression data from the San Antonio Family Heart Study, a longitudinal study of CVD in Mexican
Americans. Expression levels of KIAA1797 were significantly associated (P 5 0.012) with HR. These findings
in independent populations support that KIAA1797 genetic variation may be associated with HR but elucida-
tion of a functional relationship requires additional study.

INTRODUCTION

Several studies identify elevated heart rate (HR) as a risk
factor for cardiovascular disease (CVD) independent of

hypertension, cholesterol level, or tobacco and alcohol con-
sumption (1–3). HR is regulated by the autonomic nervous
system. Sympathetic and parasympathetic inputs are inte-
grated within the specialized myocytes (pacemaker cells) in
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the sinoatrial node, where the electrical impulse is propagated
to produce a heart beat. The underlying genetic factors influen-
cing the complex control of HR are largely unknown.

Presently, case–control genome-wide association studies
(GWASs) are the most widely used approach to associate
genetic variation with phenotypic diversity. These studies
have identified a number of common variants, increasing our
understanding of molecular pathways underlying common
chronic diseases. However, this research is limited by its
ability to determine genetic association across populations,
account for the majority of the heritable components in
complex traits, and often overlooks rare genetic variants (4).
Alternatively, family-based linkage or association studies are
powered to detect underlying rare variants that may have a
larger effect on phenotype diversity (5). Additionally, joint
analysis of two related phenotypes can theoretically extract
more information while simultaneously providing greater stat-
istical power to detect association (6).

Family-based studies demonstrate genes influence HR regu-
lation. Heritability estimates vary between populations,
ranging from 0.21 in the Framingham Heart Study (FHS) (7)
to 0.42 in the Netherlands Twins Register (8). Recent
studies also attempted to localize genes impacting HR.
Laramie et al. (9) found a significant quantitative trait locus
(QTL) on chromosome 10 [logarithm of odds (LOD) ¼ 4.2]
for participants from the HyperGEN Study and a suggestive
QTL on chromosome 5 (LOD ¼ 1.92) across different ethnic
groups in a meta-analysis of the NHLBI Family Blood
Pressure Program. On chromosome 4, Wilk et al. (10) found
significant evidence for an HR QTL in African and European
American hypertension patients (LOD ¼ 3.18), and Martin
et al. (11) detected significant linkage (LOD ¼ 3.9) within
Metabolic Risk Complication of Obesity Genes participants.
A GWAS conducted on HR variability in FHS using 70 987
common genetic variants did not find any single-nucleotide
polymorphisms (SNPs) that attained statistical significance
after Bonferroni correction (12). A second GWAS on HR
variability of three isolated European populations detected sig-
nificant association for HR measured as the RR interval
(HR ¼ 60 000/RR) within GPR133, a G-protein coupled
receptor (rs885489, P ¼ 3.9 × 1028) on chromosome 12 and
replication of an earlier association for QT interval with the
NOS1AP gene (rs2880058, P ¼ 2.00 × 10210) (13). Potential
explanations for this result may be that HR is influenced by
several genetic variants each contributing a small effect, that
alleles influencing variation in HR are rare or that HR candi-
date genes are not significantly represented on the analyzed
genotyped arrays. Given these varied linkage and GWAS
results, it is likely that HR is influenced by multiple genes
and their effects may differ between populations.

The genetic components of HR in American Indians (AIs)
are unknown. In automated genome-wide linkage screens con-
ducted in the Strong Heart Family Study (SHFS), significant
evidence of linkage (LOD ¼ 3.3, P ¼ 0.016) was observed
for a QTL influencing HR levels on chromosome 9p21 in
joint analysis of data from all three SHFS centers (14). Pre-
vious GWASs have demonstrated that several SNPs located
on chromosome 9p21 are associated with risk for coronary
heart disease (CHD) and/or myocardial infarction (MI)
(15,16), indicating that this was an interesting chromosomal

region for future research. In addition, the aforementioned
GWAS on HR variability in isolated European populations
reported two SNPs (rs13300284 and rs12552736) associated
with RR interval on chromosome 9p21 in the same region
(13). The primary objective of this study was to conduct
linkage and association for HR using phenotypic data from
echocardiograph (Echo) and electrocardiogram (ECG) HR
measures in each of the three SHFS field centers (Arizona,
Oklahoma, Dakotas) and 2248 SNPs on chromosome 9p21
in AI participants.

RESULTS

Table 1 displays descriptive statistics of HR measures and
covariates that were included in our analysis of genetic
factors related to Echo and ECG HR. Participants from
Oklahoma had the highest Echo HR (68.1+ 10.7 b.p.m.)
and those from Arizona had the lowest (66.5+ 10.5 b.p.m.).
The only significant covariates of Echo HR at P , 0.05
were age in females and height for both sexes in Arizona
and adipose body mass in the combined analysis. Heritability
estimates for Echo and ECG HR (Table 2) were statistically
significant and were similar across populations, ranging from
0.30 (+0.06) in Oklahoma to 0.26 (+0.08) in Arizona. Her-
itability estimates for ECG HR ranged from 0.35 (+0.05) in
the Dakotas to 0.27 (+0.05) in Arizona and Oklahoma.

Results of linkage analyses in the previously implicated
region of chromosome 9 for each of three field centers and
the combined sample are presented in Table 2. After account-
ing for covariates, the only center to maintain a significant
LOD score was Oklahoma (3.67, P ¼ 0.006) on chromosome
9p21 between markers D9S185 and D9S157 for Echo HR. A
suggestive LOD score of 1.68 was also detected in the Okla-
homa cohort at the same position for ECG HR. Further inves-
tigation of the Oklahoma Echo HR LOD score indicated that
the majority of support for the observed QTL was from two
pedigrees (LODs ¼ 2.8 and 0.92, respectively). In the com-
bined sample, this region yielded an Echo HR LOD score of
1.37 and no evidence of linkage in the Arizona (LOD ¼
0.032) and Dakota (LOD ¼ 0.000) cohorts. The effects of
additional covariates aside from age∗sex are the reasons that
the combined Echo HR QTL was reduced from the prelimi-
nary LOD score of 3.3 to 1.4 in the combined sample.

The ECG is a standard method for measuring HR and pro-
vided a suggestive LOD score at the same position on chromo-
some 9p21 as Echo. However, a number of individuals in the
Oklahoma pedigree that contributed the majority of evidence
for the Echo QTL were missing ECG measurements. Based
on statistical evidence demonstrating that ECG and Echo
HR are significantly genetically correlated (rhoG ¼ 0.88,
P ¼ 4.82 × 1029), we conducted linkage analysis (17) for
both ECG and Echo HR phenotypes simultaneously, modeling
the genetic and environmental correlations between them
along with effects of age, sex and their interactions in Sequen-
tial Oliogenic Linkage Analysis Routines (SOLAR) (18). Such
joint or bivariate linkage facilitates the testing of whether the
same QTLs in a region influence two correlated phenotypes
and can improve power to detect QTLs under a standard addi-
tive genetic linkage model (17). This linkage resulted in
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increased evidence for a QTL (LOD ¼ 4.83, P ¼ 0.0003) at
the same position on chromosome 9p21 (Fig. 1), indicating
that these two phenotypes are influenced by the same gene
in this region within Oklahoma participants. Bivariate analysis
in Arizona, Dakota and the combined field centers did not
result in significant linkage results (Table 2).

To identify a gene(s) responsible for the HR QTL on
chromosome 9p21 in Oklahoma, we conducted a gene-centric
statistical analysis (19) for Echo HR using genotypes from
2248 heterozygous SNPs. Association analysis was done on
Echo measurements of HR because ECG data were missing
in key families demonstrating evidence for a QTL influencing
HR. Power analysis indicates that with a Bonferroni correction
for the testing of 2248 SNPs (i.e. a P-value threshold of
2.23 × 1025), which is conservative given linkage disequili-
brium (LD) between markers, we reach 80% power in Okla-
homa to detect variants accounting for ≥2.1% of the trait
variance. Forty genes were investigated within the 1-LOD
region of the chromosome 9p21 QTL. Twenty-one of these

genes contained SNPs showing nominal association with HR
(i.e. measured genotype P-values ,0.05). There were 555
genotyped SNPs within 10 kb of one of these 21 genes. Four
genes [KIAA1797, interferon-epsilon-1 (IFNE1), LOC729983
and LOC402359] showed evidence of association (P , 0.05)
in the gene-centric test (Table 3). The genes LOC4022359
and LOC729983 are pseudogenes, KIAA1797 is a hypothetical
protein and IFNE1 belongs to a family of cytokines with pleio-
tropic effects that involve inhibition of viral replication and
cell proliferation (20). Six SNPs (rs7875153, rs7848524,
rs4446809, rs10964759, rs1125488 and rs7853123) within
these four genes were still significant after correction for the
effective number of SNPs. One of these significant SNPs
(rs7848524) showed deviation from Hardy–Weinberg equili-
brium (HWE ¼ 0.02). Previous research on HR had identified
two SNPs (rs13300284 and rs12552736) on chromosome 9p21
demonstrating suggestive association with the RR interval
measure of HR. These two intergenic SNPs were included in
our association analysis of Echo HR and were not significant

Table 1. Characteristics of SHFS participants stratified by field center

Arizona Dakota Oklahoma Combined

Echo (ECG) sample size 1204 (1187) 1173 (1186) 1193 (1148) 3567 (3521)
Female, n (%) 752 (62) 695 (59) 698 (59) 2145 (60)
Age (years), mean (+SD) 37.09 (15.9) 38.91 (17.10) 43.58 (17.29) 39.85 (16.99)
Echo HR (b.p.m.), mean (+SD) 66.49 (10.47) 66.65 (11.03) 68.06 (10.71) 67.06 (10.76)
ECG HR (b.p.m.), mean (+SD) 65.15 (10.51) 64.04 (10.47) 65.04 (10.25) 64.80 (10.53)
Height (m), mean (+SD) 1.65 (8.7)∗ 1.69 (8.75) 1.67 (9.14) 1.67 (9.07)
Body mass index, mean (+SD) 35.12 (8.17) 30.14 (6.82) 31.18 (6.90) 32.14 (7.62)
Hypertensive medication, current n (%) 268 (22) 180 (15) 274 (23) 722 (20)
Lean body mass (kg) (+SD) 54.93 (12.37) 56.04 (12.38) 54.77 (12.50) 55.24 (12.43)
Fat mass (kg) (+SD) 41.43 (9.7) 34.17 (10.02) 36.33 (9.41) 37.33 (10.19)∗∗

HOMAIR, mean (+SD) 4.57 (4.29) 4.12 (5.18) 3.16 (3.08) 3.92 (4.32)
Fasting insulin (mU/ml), mean (+SD) 19.69 (14.26) 17.01 (14.89) 15.52 (13.49) 17.42 (14.32)
Fasting glucose(mg/dl), mean (+SD) 121.68 (55.48) 104.20 (33.66) 106.59 (37.78) 110.83 (44.05)
HBA1C (%) (+SD) 7.26 (2.30) 6.09 (1.61) 6.62 (1.89) 6.71 (2.05)
Diastolic blood pressure (mmHg), mean (+SD) 76.48 (11.33) 75.13 (10.48) 76.83 (11.52) 76.15 (11.14)
Systolic blood pressure (mmHg), mean (+SD) 120.75 (16.50) 119.71 (15.32) 126.52 (16.86) 122.33 (16.51)
Mean arterial blood pressure (mmHg), mean (+SD) 91.29 (11.53) 90.01 (10.71) 93.46 (11.66) 91.60 (11.40)
Pulse pressure mean (mmHg) (+SD) 44.05 (13.87) 44.40 (12.51) 49.53 (14.43) 45.99 (13.85)
Alcohol, current n (%) 709 (59) 777 (66) 566 (47) 2053 (58)
Smokers, current n (%) 307 (25) 500 (43) 397 (33) 1204 (34)

NS, not statistically significant; Echo, echocardiograph; ECG, electrocardiogram; HOMAIR, homeostasis model assessment of insulin resistance; HBA1C,
glycosylated hemoglobin.
∗Statistically significant with Echo HR levels at P-value ,0.05.
∗∗Statistically significant with Echo HR levels at P-value ,0.01.

Table 2. Heritability and linkage results for two HR phenotypes in AIs

Arizona Dakota Oklahoma Combined

Heritability of Echo HR, (+SD) 0.26 (0.08)∗∗ 0.29 (0.06)∗∗ 0.30 (0.06)∗∗ 0.28 (0.03)∗∗

Heritability of ECG HR, (+SD) 0.27 (0.06)∗∗ 0.35 (0.05)∗∗ 0.27 (0.05)∗∗ 0.30 (0.05)∗∗

Echo linkage results on chromosome 9p21
Echo HR LOD 0.032 0.000 3.67∗∗ 1.37

ECG/Echo bivariate linkage results
on chromosome 9p21a

ECG/Echo LOD 0.000 0.000 4.83∗∗ 0.98

aBivariate linkage model with simultaneous analysis of Echo and ECG HR modeling the correlations between them and testing the null hypothesis that variance
components relating to major gene effects on both traits are equal to 0 (17).
∗∗Statistically significant with Echo HR levels at P , 0.01.
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in the Dakota, Oklahoma or combined AI centers. However,
both SNPs (rs13300284 and rs12552736) demonstrated mar-
ginal evidence of association (P ¼ 0.01) in the Arizona center.

After correcting for effective number of SNPs in each gene
accounting for the LD between markers, three SNPs within
KIAA1797 met the threshold for inclusion (0.0021):
rs7875153, rs4446809 and rs1096479. The KIAA1797 SNP,
rs7875153, had the best measured genotype P-value (7.95 ×
1025). A plot of the LD between genotyped SNPs in
KIAA1797 demonstrated rs7875153 was in high LD (r2 ¼
0.97) with rs1096479 as shown in Figure 2. This indicates
that the significant association demonstrated by rs1096479 is
due to its high LD with rs7875153. In addition, the
KIAA1797 SNP rs4446809 is also in LD with the
LOC402359 SNP rs7848524 (r2 ¼ 0.84), indicating that LD
may be why it is demonstrating statistical significance. The
SNP rs7875153 is located in intron 9 of KIAA1797. Allele fre-
quencies for rs7875153 in all three centers and the combined
sample are presented in Table 4. The minor allele frequency
(MAF) ranged from a high of 0.0433 in the Dakotas to a
low of 0.006 in Arizona. Additionally, the same two families
carrying the rare A allele in Oklahoma are the ones that con-
tributed substantially to the 9p21 linkage signal. LOC729983
(rs7853123) and IFNE1 (rs1125488) each contained a single
significant SNP. No evidence of association was found for
HR with the best SNP, rs7875153, in the two other centers
investigated for this research.

Given that only KIAA1797 remains significant in the gene
centric test after Bonferroni correcting for the testing of 21
genes, we focused our subsequent analyses on this gene. The
fact that Echo and ECG are measures of the same HR pheno-
type allowed us to conduct a novel joint association analysis of
both traits simultaneously with the SNP, rs7875153, which
had provided the best evidence for association. In this type
of joint or bivariate association analysis, we use a standard

additive genetic model, testing whether trait mean varies by
genotype at the SNP. The fact that the Echo and ECG pheno-
types are measurements of the same underlying trait, and are
thus on the same scale, allows a single degree of freedom
test as we can constrain the effect of genotype on the trait
mean to be equal for both HR phenotypes. The difference
between the log-likelihoods of a model in which the SNP
effect is estimated versus one in which it is constrained to
zero is then distributed as a x2 distribution with 1 degree of
freedom. We applied this novel type of bivariate association
analysis to Echo and ECG HR with the SNP, rs7875153.
This bivariate association analysis strengthened evidence for
association of HR with rs7875153 (P ¼ 7.14 × 1026) in Okla-
homa participants.

To independently support these association results in a sep-
arate ethnic population, we used lymphocyte RNA expression
data on 1240 individuals from the San Antonio Family Heart
Study (SAFHS), a longitudinal genetic epidemiological
study of CVD in Mexican Americans residing in San
Antonio, Texas (21). The expression profiling methodology
has been described in detail by Göring et al. (22). We used
phenotypic data on HR measured from ECG in SAFHS par-
ticipants and linear regression to test the correlation between
HR and KIAA1797 RNA levels. This test utilizes a x2 test
with one degree of freedom to determine whether the
regression beta-coefficient is different from zero. Tests were
conducted within a variance component framework to
account for non-independence among family members.
Expression data for KIAA1797 were correlated with ECG
HR in Mexican Americans (P ¼ 0.0115) and the regression
coefficient (20.0038) was negative, indicating that individ-
uals with higher levels of KIAA1797 expression have lower
HRs. The SNP showing association with HR in our Oklahoma
sample, rs7875153, is not currently available in the SAFHS.

DISCUSSION

HR is an important clinical phenotype that is associated with
CVD (1–3). Individuals characterized by increased HR show
elevated levels of total cholesterol, triglycerides, fasting
insulin and other known risk factors for hypertension (23).
The relationship between elevated HR-associated disease and
mortality is not completely understood. Researchers suggest
that elevated HR is an indicator of irregular behavior in the
autonomic nervous system and modification that lowers HR
through surgical (24) or pharmaceutical means (25) in
animals reduces development of coronary atherosclerosis.
However, owing to evidence that HR is an independent predic-
tor of CVD, identification of underlying genetic factors influen-
cing HR may allow for the advancement in clinical treatments
that aid in lowering risk of atherosclerosis and CVD. Our
results indicate HR is a significantly heritable trait in AIs, and
our findings are consistent with previous estimates from other
population-based studies. Heritability estimated in our study
ranged from 0.26 (+0.08) in Arizona to 0.30 (+0.06) in Okla-
homa for Echo HR and 0.27 (+0.05) in Arizona and Oklahoma
to 0.35 (+0.05) in the Dakotas for ECG HR. Both of these
results fit within the range of 0.21 in FHS (7) to 0.41 in twin
studies from the Netherlands (8).

Figure 1. Multipoint linkage plot of QTLs observed on chromosome 9p21 in
the Oklahoma cohort from the SFHS. Light gray dashed line indicates HR;
solid gray line, Echo HR; dotted light gray line, ECG HR.
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Results from the AI bivariate linkage of HR detected a sig-
nificant QTL on chromosome 9p21 in Oklahoma SHFS par-
ticipants. Further investigation of 2248 SNPs within this
region demonstrated genetic association with three SNPs in

KIAA1797. The best SNP, rs7875153, is rare in these AI
groups with MAFs ,0.05. However, in other HapMap popu-
lations, the MAF of this SNP ranges from 0.138 in the
Japanese to 0.198 in Chinese and is intermediate at 0.158

Table 3. Oklahoma Center SHFS gene-centric statistical analysis with 2248 heterozygous SNPs on chromosome 9p21

Gene Best SNP SNP P-value Number of SNPs Effective number of SNPs Gene-centric test HWEa

KIAA1797 rs7875153 0.00008 69 25 0.002 0.47
— rs4446809 0.00014 — — 0.003 0.46
— rs10964759 0.00045 — — 0.010 0.61
IFNE1 rs1125488 0.02503 3 1 0.025 0.10
LOC729983 rs7853123 0.00369 11 8 0.029 0.08
LOC402359 rs7848524 0.00098 8 5 0.049 0.02
LOC392298 rs3913107 0.00545 17 12 0.065 0.15
LOC646505 rs4977348 0.00535 15 12 0.066 0.49
IFNA16 rs12337907 0.02288 3 3 0.068 0.03
PLAA rs12003612 0.02711 12 4 0.108 0.49
SLC24A2 rs10757082 0.00295 63 38 0.112 0.12
LOC402360 rs1036107 0.00657 30 20 0.131 0.20
MTAP rs10117507 0.01581 28 9 0.142 0.03
ELAVL2 rs4977886 0.00785 50 30 0.236 0.53
LOC392288 rs11792752 0.01486 22 17 0.253 0.99
C9orf82 rs10511793 0.04801 18 6 0.288 0.30
C9orf11 rs911602 0.04525 14 8 0.362 0.89
MOBKL2B rs4879507 0.01262 68 41 0.517 0.48
TEK rs7035592 0.01786 71 42 0.750 0.56
MLLT3 rs7868612 0.02751 50 29 0.798 0.35
IFNA1 rs7864960 0.03402 1 — — 0.93
IFNA6 rs660675 0.02922 1 — — 0.83
LOC729932 rs7853123 0.00369 1 — — 0.08

Significant SNPs in bold.
aHWE, Hardy–Weinberg equilibrium P-value for the best SNP.

Figure 2. LD plot of 69 SNPs within 10 kb of KIAA1797 within the Oklahoma cohort from the SHFS. Darker colors indicate higher r2 values.
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in Europeans and Africans (http://www.ncbi.nlm.nih.gov/
projects/SNP/snp_ref.cgi?rs=7875153). Given that AI partici-
pants investigated for this study come from a wide geographic
range in North America, it is unlikely that isolation of a
specific population group is the reason for the lower MAF in
the SHFS. To further support this observed association, we
used RNA expression data from the SAFHS (22) and identified
a significant correlation between levels of KIAA1797 RNA and
HR measured by ECG in Mexican Americans (21). This evi-
dence points to either a yet-undefined role of KIAA1797 in
regulating HR or some other function within the autonomic
nervous system and suggests that variants influencing inter-
individual variation in HR may act through the regulation of
KIAA1797 expression.

The gene KIAA1797 codes for a hypothetical protein with
an undefined function. However, it is known to interact with
the gene vinculin (VCL), a gene involved in the development
of dilated cardiomypathy (26,27). One group of researchers
suggests that KIAA1797 is involved in mitotic chromosome
condensation; however, they offer little evidence in this
regard (28). Mitotic chromosome condensation refers to the
biological process where the chromatin is unraveled during
the interphase stage of mitosis and becomes invisible. The
chromosome becomes visible once again during mitosis
when chromatin is bundled into a more condensed state
(29). Until recently, it was believed that cardiac myocytes
did not undergo cellular replication, making the relationship
between a gene potentially involved in mitosis and HR
tenuous. However, a recent study suggested that cardiomyo-
cytes renew at an age-dependent rate of 1% starting at the
age of 25 to 0.45% by the age of 75 (30). This raises the possi-
bility that if KIAA1797 is influencing HR via myocyte turn-
over, the effect of KIAA1797 may change with age, either as
a consequence or as a cause of the changing rate of cardio-
myocyte renewal with age. However, there was no correlation
between KIAA1797 RNA levels and age in the SAFHS,
suggesting that gene expression is stable across the adult life-
span, and there was no indication that the effect of associated
SNPs in KIAA1797 on HR changed with age in the SHFS (data
not shown). This indicates that further research is necessary to
better understand the relationship between KIAA1797 and HR.

A number of recent GWAS studies have implicated
chromosome 9p21 in CVD (15,31), ischemic stroke (32,33),
MI (16,33–35), and type II diabetes (36). These studies ident-
ified four SNPs (rs10757274, rs2383206, rs2383207 and
rs10757278) that are related to MI and CHD (37–39). All
four of these SNPs were included in our association analysis

for Echo HR and are located in the gene, LOC729983.
However, none was significantly associated with Echo or
ECG HR. In addition, all of these SNPs are located approxi-
mately 1 million base pairs from the SNP that shows the stron-
gest association with Echo HR. This does not imply that these
SNPs are not involved in CVD but they do not appear to be
associated with HR. In addition, two previous intergenic
SNPs (rs13300284 and rs12552736) on chromosome 9p21
demonstrated suggestive association with HR measured as
the RR interval (13). Both of these SNPs were included in
our analysis and were not significant in the Dakotas, Okla-
homa or combined AI center for Echo HR. Thus, it is unlikely
that they contribute to the chromosome 9 HR linkage signal
observed in the Oklahoma sample. They were, however, mar-
ginally significant (P ¼ 0.01 for both rs13300284 and
rs12552736) for the association with HR within the Arizona
center.

To our knowledge, this is the first study to demonstrate
genetic association for HR in the AI population. CVD
accounts for a high percentage of mortality and morbidity in
AI communities, yet the underlying causes and associated
risk factors are still not fully understood (40,41). Therefore,
understanding differences between populations and their
underlying genetic factors that contribute to risk factors of
CVD is an important consideration for further studies. One
interesting finding is that ECG did not provide as robust a
QTL as Echo when detecting a QTL for HR in Oklahoma par-
ticipants. This result is due to the evidence that individuals in
the two Oklahoma families that contributed to the Echo QTL
were missing ECG values. However, there are no significant
differences in phenotypic measurements in those participants
with Echo but missing ECG values when compared with par-
ticipants with both measures available, and there was no sys-
tematic exclusion of those individuals in obtaining ECG
results. Other potential reasons for differences between HR
measurements could be due to the different positions that
the participants are placed in during the examination (slightly
on left side for Echo HR versus flat on back for ECG) time of
day the examination was conducted or that Echo HR measure-
ment increases sympathetic activity. In addition, previous car-
diology research in non-diabetic Strong Heart Study (SHS)
participants demonstrated left ventricular and aortic size
differences in these three AI communities and there is the
potential that these differences may be indicative of the
observed phenotypic differences in HR (42,43).

The strength of the current study involves the combined use
of linkage, genetic association analysis and RNA expression
data to account for potential variation within a given pheno-
type. Successful genetic association studies result in the local-
ization of a gene or genetic region involved with the
investigated phenotype. Therefore, various sources of inde-
pendent data can be used to augment evidence for the involve-
ment of a particular gene and improve assumptions regarding
causal associations. In this study, we used family-based
genetic data from three geographically distinct AI groups to
identify a region and gene of interest and RNA expression
data from a longitudinal study of Mexican Americans in
order to find independent confirmation connecting the gene
KIAA1797 and HR. We also applied a bivariate association
method, conducting joint association analyses for two

Table 4. Allele frequencies for SNP rs7875153 in the three Strong Heart cen-
ters and all centers combined

Allele frequencya

Center G A

Oklahoma 0.9720 0.0280
Dakotas 0.9567 0.0433
Arizona 0.9935 0.0065
Combined 0.9800 0.0200

aAllele frequencies from large pedigrees have been calculated using standard
maximum likelihood methods accounting for family structure.
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measures of HR, for a better understanding of the relationship
between two related phenotypic traits and a single genetic
locus. This joint analysis of both HR measures simultaneously
was important to tie together the significant evidence of a QTL
on chromosome 9p21 and association of KIAA1797 markers
with Echo HR in the SHFS and the significant correlation of
ECG HR with KIAA1797 expression levels in the SAFHS.
Additionally, combining these two phenotypes (Echo and
ECG HR) in a single association analysis should theoretically
increase power to detect association. While this study com-
bined information from two different population studies,
both cohorts were ascertained without regard to phenotype
or disease status. There is the potential that the relationship
between RNA expression level and investigated phenotypes
may vary across populations. However, we feel that this com-
bining of different sources of information allowed for greater
resolution in understanding the genetic factors that may be
involved in HR.

In summary, we identified a novel QTL on chromosome
9p21 from the SFHS Oklahoma center that influences HR in
AIs. Through association analysis of 2248 SNPs in this
region, we identified significant association with SNPs in
KIAA1797. The best SNP, rs7875153, was significant in Okla-
homa but not in the other two centers or in the combined
sample. However, we demonstrated further support for the
relationship between KIAA1797 and HR through the use of
RNA expression data from the SAFHS. Therefore, this lack
of replication may imply that rs7875153 is in high LD with
another relatively rare functional variant in KIAA1797
private to the two families in the Oklahoma sample or that
statistical power was insufficient to detect it in the other
centers. Given the significance of HR in understanding
CVD, these results may provide important information for
understanding the different ethnic populations. However, in
order to better determine whether genetic variation within
KIAA1797 is associated with HR, further research and deep
sequencing of the gene are necessary with a focus on identify-
ing potential regulatory variants that might explain the corre-
lation between gene expression and HR.

MATERIALS AND METHODS

Study population

SHS investigates cardiovascular risk factors and heart disease
in the AI population (41). Population-based samples of AI par-
ticipants aged 45–74 years were recruited from three geo-
graphic areas, Arizona, Oklahoma, and North and South
Dakota, to understand risk factors involved with CVD in this
population. In 1998, the SHFS was initiated for additional
genetic studies and participants aged 14 years and older
were recruited without regard to disease status. Families
were selected through sibships of at least five siblings, of
whom at least three had participated in the original SHS.
Parents, spouses, offspring, spouses of offspring and grand-
children of the original participants were then recruited to con-
struct extended pedigrees. All participants provided informed
consent. In addition, study approval was obtained from rel-
evant AI tribes and institutional review boards.

Phenotype measurement

HR was measured from ECGs (ECG HR) and Echo Doppler
recording (Echo HR) at SHS exam 4. Standard 12-lead
ECGs were performed with MAC-PC or MAC-12 digital
ECG systems (GE Medical Systems) similar to SHS exam 1,
as described previously (44). ECG HR was calculated from
standard 12-lead ECGs using computerized algorithm. Echo-
cardiograms were performed using commercially available
phased-array Echos using identical methods employed in
SHS exam 2, as described previously (42,45). Echo HR was
measured using a digitized computer station (Digisonics,
Inc.). In families genotyped for the genome-wide linkage
screen, Echo HR measurements are available for 3567 AI par-
ticipants (1204 in Arizona, 1173 in the Dakotas and 1193 in
Oklahoma) and ECG HR measurements for 3521 AI partici-
pants (1187 in Arizona, 1186 in the Dakotas, 1148 in
Oklahoma).

Genotyping

SNP genotyping and association analysis were conducted
using a set of 1122 ‘founders’ chosen from SHFS participants.
These were SHFS participants genotyped for the original
genome scan but did not have parents or grandparents with
genotyping data. These individuals were therefore likely to
be contributing most of the alleles informative for linkage
and association analyses. A set of 2329 SNPs from the
8.2 Mb 1-LOD support interval on chromosome 9p21 were
included on Illumina iSelect Custom 12-Sample BeadChips
and genotyped using the Infinium II Assay with one bead
type per SNP. Assays were performed according to manufac-
turer’s protocol (Illumina, San Diego, CA, USA). Genomic
DNA (200 ng) was whole-genome-amplified, enzymatically
fragmented and hybridized to locus-specific polymers
(50 bp) that are covalently linked to beads embedded on the
BeadChips. Hybridization was followed by allele-specific
primer extension and fluorescent staining. All steps were per-
formed on a Tecan Freedom EVO 150 cm liquid handler
(Tecan, Männedorf, Switzerland) with Illumina GTS Robot
Control software (Illumina). Fluorescent intensities were
detected using the Illumina BeadArray Reader and analyzed
using BeadStudio software from Illumina. Cluster calls were
checked for accuracy and genotypes were exported as text
files for use in association analysis. Six samples were typed
in replica as controls for genotyping and allele calling consist-
encies. Illumina included sample-dependent and -independent
controls on their chips to test for accuracy. Of 2329 SNPs on
chromosome 9p21, 2248 SNPs were genotyped and heterozy-
gous, 2 SNPs were typed but homozygous and 79 SNPs failed.

Statistical analysis

Maximum likelihood methods, taking into account the
relationships among family members, were used to estimate
allelic frequencies for each marker with the computer
program SOLAR (18). The computer program Loki was
used to compute multipoint identity by descent (IBD)
matrices, with marker map positions drawn from DeCode
Genetics (46). IBD matrices were estimated separately for
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each field center and combined for joint analysis of all three
centers to account for potential differences in allele frequency
between populations. In order to identify pedigree misspecifi-
cations, pedigree relationship statistical tests (47) were used.
The PEDSYS program, INFER, was used to determine
unknown genotypes from close relatives, if they could be
unambiguously inferred, and to resolve Mendelian inconsis-
tencies (48).

Genetic association and linkage analyses, both for single phe-
notypes and for joint bivariate analyses of both measures of HR
simultaneously, were all conducted using variance component
methods, as implemented in SOLAR (18). Sex, sex-specific
age and age (2) were included as covariates in all analyses.
Bivariate multipoint linkage analyses of Echo and ECG HR
were conducted for each of three field centers and for a com-
bined analysis of all three centers. Bivariate linkage tests the
linkage of two correlated phenotypes to a single genetic
region simultaneously and tests the null hypothesis that variance
components relating to major gene effects on both traits are
equal to 0 (17). Covariates used in this analysis are shown in
Table 1. Variables were kept within the final polygenic
model, and carried forward to linkage and association models,
if significantly associated with HR at P , 0.05. Since variance
components are sensitive to kurtosis, HR was transformed using
an inverse normalization procedure available in SOLAR (49).
Genome-wide P-values were obtained using the Feingold
et al. method (50). HWE was determined using maximum like-
lihood estimation, by comparing the likelihood of a genotype-
based frequency model with that of allele-frequency model,
which assumes HWE. Estimations for each of the measured
SNPs were conducted in SOLAR (18).

Genetic association was determined through the application
of a gene-centric statistical test that utilizes the effective
number of SNPs, given the LD between them, and was
better able to determine significance under multiple testing
(19). We implemented this method by defining the physical
location of each SNP within 10 000 base pairs (10 kb) of 40
genes in chromosome 9p21. Measured genotype analysis
was conducted on each SNP in order to calculate a nominal
P-value for association. The measured genotype analysis
was conducted for each polymorphic SNP, in which the
number of minor alleles is added to the quantitative polygenic
genetic model as a covariate in order to assess the effect of the
SNP genotype on the mean of the trait. This model was fitted
to the data and compared with the null model of no difference
in trait mean by genotype using a likelihood-ratio test. Twice
the difference in log-likelihoods of these models was distribu-
ted as a x2 random variable with 1 degree of freedom. The
resulting likelihood-ratio test statistic was recorded for each
SNP (19). We calculated the effective number of SNPs in
each gene using Moskvina and Schmidt’s (51) method
implemented in SOLAR (18). The nominal P-value and the
effective number of SNPs were used to determine an adjusted
P-value for each gene to be used in multiple testing. This
gene-centric P-value was calculated using the equation

corrected = 1 − (1 − nominal)effective,

where ‘corrected’ is the corrected P-value, ‘nominal’ is the
uncorrected P-value and ‘effective’ is the effective number

of SNPs. This approach allows for non-independence among
family members and accounts for effects of other potential
covariates (19).

We applied a novel bivariate association analysis, jointly
testing association with both measures of HR simultaneously,
based within the variance component framework using the
SNP rs7875153 as this had provided the best measured
genotype value. In this type of analysis, the effect of a SNP
on the mean trait values of the two phenotypes is constrained
to be equal for both measures and is included as a covariate in
the bivariate analysis. The difference between the
log-likelihoods of a standard additive genetic model in
which the SNP effect is estimated versus one in which it is
constrained to zero is then distributed as a x2 distribution
with 1 degree of freedom.
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