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Abstract
Peripheral arterial disease (PAD) is associated with significant morbidity and mortality, and has a
higher prevalence in African Americans than Caucasians. Ankle arm index (AAI) is the ratio of
systolic blood pressure in the leg to that in the arm, and, when low, is a marker of PAD. We used an
admixture mapping approach to search for genetic loci associated with low AAI. Using data from
1040 African-American participants in the observational, population-based Health, Aging, and Body
Composition Study who were genotyped at 1322 single nucleotide polymorphisms(SNPs) that are
informative for African versus European ancestry and span the entire genome, we estimated genetic
ancestry in each chromosomal region and then tested the association between AAI and genetic
ancestry at each locus. We found a region of chromosome 11 that reaches its peak between 80 and
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82 Mb associated with low AAI (p<0.001 for rs12289502 and rs9665943, both within this region).
753 African-American participants in the observational, population-based Cardiovascular Health
Study were genotyped at rs9665943 to test the reproducibility of this association, and this association
was also statistically significant (odds ratio(OR) for homozygous African genotype 1.59 (95%
confidence interval (CI) 1.12–2.27)). Another candidate SNP (rs1042602) in the same genomic
region was tested in both populations, and was also found to be significantly associated with low
AAI in both populations (OR for homozygous African genotype 1.89 (95% CI 1.29–2.76)). This
study identifies a novel region of chromosome 11 representing an area with a potential candidate
gene associated with PAD in African Americans.
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INTRODUCTION
Peripheral arterial disease (PAD) is a common and serious medical problem, associated with
significant functional limitation due to claudication and leg weakness as well as considerable
morbidity and mortality from cardiovascular causes [1–3]. African Americans have increased
rates of PAD[1,4]; a recent pooled analysis of several community-based studies found that over
20% of African-American men between the ages of 70 and 79 had PAD, compared with under
9% of non-Hispanic whites of the same age.[5] Prior studies have estimated the heritability of
PAD to be between 35 and 48%.[6,7] Numerous candidate genes have been tested for
association with PAD [8–11], however the results have been equivocal. Two prior linkage
scans have identified separate chromosomal regions on chromosomes 1 and 3 that may contain
genes related to PAD susceptibility. [7,12]

Ankle arm index (AAI) is the ratio of systolic blood pressure in the lower extremity to that in
the upper extremity. AAI values of less than 0.9 are consistent with the presence of PAD and
associated with an increased risk of mortality, particularly from cardiovascular causes.[2,13–
16] The higher prevalence of PAD in African Americans makes it an interesting phenotype for
admixture mapping, a technique for detecting disease gene variants in populations resulting
from recent admixture between two genetically distinct populations.[17–22] Admixture
mapping takes advantage of the relatively long-range linkage disequilibrium (LD) in recently
admixed populations such as African Americans. This long range LD is seen between markers
that have high allele frequency differences between ancestral populations. Because larger
blocks of the genome are in LD in recently admixed populations, whole-genome association
mapping can be performed with about1% of the markers that are typically required for a
genome-wide association study.[23] This method has been used to localize regions of the
genome with variants predisposing to increased risk of several common diseases. [24–27]

We first assessed whether individual proportion of African ancestry, as estimated from a set
of ancestry-informative markers, was associated with AAI using data from two large U.S.
population-based African-American cohorts; the Health, Aging, and Body Composition
(Health ABC-AA) Study, and the Cardiovascular Health Study (CHS-AA). We then used a
larger set of genome-wide ancestry-informative markers to perform an admixture mapping
study to search for genomic loci for low AAI among subjects in Health ABC-AA, and validated
these results using the genotypes at two loci in participants in Health ABC-AA and CHS-AA.
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METHODS
Study Population 1: Health ABC-AA (primary cohort)

Study participants were enrolled in the Health ABC Study between April 1997 and June 1998.
Subjects were well-functioning men and women aged 70–79 sampled from Medicare
beneficiaries living in or around Alleghany County, PA and Memphis, TN. Inclusion and
exclusion criteria have been described in detail elsewhere.[27] Of a sample of 3075 subjects,
1281 were self-reported African Americans. Participants without AAI data (n=125) or genetic
data (n=125) or with AAI above 1.5 (n=2) were excluded from the analysis, leaving a study
population of 1040 for most of our analyses (443 men, 597 women). The Health ABC study
has been approved by the institutional review boards of the University of Pittsburgh, the
University of Tennessee, Memphis and the University of California, San Francisco.

Study Population 2: CHS-AA (replication cohort)
CHS is a prospective study of risk factors for cardiovascular disease comprised of 5,888 men
and women aged 65 and older. Participants were recruited from Forsyth County, NC,
Sacramento County, CA, Washington County, MD, and Pittsburgh, PA. The original cohort
of 5,201 participants (including 254 African-Americans) was recruited in 1989–1990, and an
additional cohort of 687 African Americans was enrolled in 1992. CHS methods have been
described in greater detail elsewhere.[28] The current study population of 753 African
Americans (284 men, 469 women) was derived from the 941 African Americans who were
recruited into CHS-AA. Subjects without AAI, those who did not consent for DNA testing, or
those whose genetic data was unusable were excluded from this analysis.

All participants in both studies have given informed consent.

Ankle-arm index measurement
AAI was assessed at the baseline Health ABC-AA visit (1997–1998). Subjects were recumbent
for a rest period of 5 minutes, at which point blood pressure cuffs were placed on the right arm
and right and left ankles. Arterial systolic blood pressure was assessed by an 8 Megahertz
Doppler probe (Huntleigh Healthcare Inc., Eatontown, NJ) and mercury syphygmomanometer.
Two measurements were taken at each of the three arterial sites. The lower of the two posterior
tibial pressures was used for the calculation of AAI. Peripheral arterial disease was defined as
a self-report of history of peripheral angioplasty or bypass procedure or an AAI of <0.9 in
either leg. AAI and PAD were assessed similarly in CHS-AA. The methods have been
described previously.[15]

Baseline participant characteristics
All covariates were assessed at the baseline exams of Health ABC-AA and CHS-AA. Smoking
status was coded as current, former or never smoker by self-report. Diabetes mellitus was
defined as self-report of a physician’s diagnosis of diabetes, self-report of using insulin or oral
hypoglycemic medications, or fasting plasma glucose of greater than 125mg/dL. Coronary
heart disease was defined as physician’s diagnosis of myocardial infarction or angina or history
of coronary artery bypass surgery or percutaneous coronary angioplasty. Cerebrovascular
disease was defined as history of transient ischemic attack, cerebrovascular accident, or carotid
endarterectomy. Cardiovascular disease was defined as self-reported history of angina,
myocardial infarct, stroke, transient ischemic attack, congestive heart failure, claudication,
cardiovascular re-vascularization or bypass surgery. Hypertension was defined as seated
systolic blood pressure greater than 140 mmHg or seated diastolic blood pressure greater than
90 mmHg or self-reported history of hypertension and self-report of taking an antihypertensive
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medication. Total serum cholesterol and high-density lipoprotein (HDL) were analyzed
enzymatically.

Genotyping
Genotypes were analyzed in 1184 self-reported African-American Health ABC-AA
participants. The Broad Institute of Harvard and MIT carried out the genotyping across 1536
single nucleotide polymorphisms (SNPs) using whole-genome amplified DNA samples with
an Illumina BeadLab platform.[29] These SNPs were previously identified as being ancestry
informative, with particular genotypes occurring with a significantly higher frequency in
African populations.[26] Quality control criteria for genotype data included an 85% genotype
success rate and consistent clustering of calls for each SNP, and not being in linkage
disequilibrium in African population samples. [30,31] 201 SNPs not meeting these criteria
were removed from the panel. Individual genome-wide percentage of European ancestry was
calculated from a subset of 35 ancestry-informative SNPs in Health ABC-AA and 24 ancestry-
informative SNPs in CHS-AA. [32] The ancestry-informative SNPs were chosen based upon
their high degree of allele frequency difference among ancestral populations as well as
relatively even spacing across the genome, so that each SNP provided unique information.

Additional genotyping of rs9665943 was performed in 753 African American CHS-AA
participants. Additionally, one of the 24 ancestry-informative markers previously typed in
CHS-AA (rs1042602) happened to be located within the chromosome 11 locus identified in
Health ABC-AA and was subsequently typed in Health ABC-AA for further analysis. Both
additional SNPs (rs9665943 in CHS and rs1042602 in Health ABC-AA) were genotyped
following an identical protocol.[32]

Association between individual ancestry and AAI
To assess the relationship between individual ancestry and AAI in each cohort, we first assessed
the correlation between AAI and genome-wide percentage of European ancestry and then
performed linear regressions of genome-wide percentage of European ancestry on AAI,
adjusting for age, study, site, and gender. The relationship between continuous variation in
genome-wide percentage of European ancestry and AAI was additionally evaluated by
multivariate regression, which was adjusted for gender, age, study site (and study in combined
models), socio-economic status, total serum cholesterol, HDL cholesterol, weight, height,
smoking status, diabetes status, hypertension status, and prevalent cardiovascular disease.

Admixture mapping in Health ABC-AA
Admixture scans were conducted using three different analytic platforms, STRUCTURE[18],
ADMIXMAP[33] and ANCESTRYMAP[21]. Briefly, each of these methods uses a Hidden
Markov Model approach to determining ancestry at each locus. All three programs also use
Markov Chain Monte Carlo (MCMC) algorithms to calculate genome-wide associations.

STRUCTURE 2.2 was used to obtain multi-locus estimates of ancestry within each genomic
region, under the assumption of a 2 population model with African and European ancestry. In
addition to the locus-specific ancestry estimate, STRUCTURE calculates an overall percentage
of European and African ancestry for each participant. These models were run across 2,500
iterations of the MCMC algorithm, with a 2,000 iteration burn in period. Linear regression was
performed to test for association between ancestry at each locus and AAI, adjusting for
individual percentage of African ancestry, gender, age and study site. Results of the regression
models are presented as t-statistics and p-values.

ADMIXMAP v.3.5.3 simultaneously estimates locus-specific ancestry and tests for association
between locus-specific ancestry and a quantitative trait by computing probability distributions
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conditional on genotype, phenotype (in this instance, AAI), and prior ancestral genotype
frequencies. These models also ran 2,500 MCMC iterations across a 2000 iteration burn-in
period and were adjusted for the same covariates as the STRUCTURE regressions.

For the ANCESTRYMAP analyses, subjects were dichotomized into two homogenous groups
with the lowest 20% of AAI values (AAI<0.89) as cases and the highest 20% (AAI>1.16 and
AAI<=1.5) as controls. There were 416 individuals split equally between the two groups,
matched on criteria of age, gender and study site. A range of risk estimates was tested, and
using Bayesian model averaging, the strength of evidence for association with group status at
each locus was summarized as a Bayes factor. The log(base 10) of the Bayes Factor represents
the locus-specific LOD score. As previously described, a locus-specific LOD score >5 is
considered approximately genome-wide significant. [26,34] ANCESTRYMAP was run for a
burn-in period of 200 iterations with a follow-on of an additional 500 iterations. 95%
confidence intervals based on a genome-wide LOD 2.2 decrease of the association were
calculated.

Combined analysis of rs9665943 and rs1042602 in Health ABC-AA and CHS-AA
Because rs9665943 showed consistent association with low AAI across all three analysis
platforms, more detailed logistic regression analysis of the relationship between genotype at
rs9665943 and AAI of less than 0.9 was performed in both Health ABC-AA and CHS-AA.
The outcome variable of interest in these analyses was an AAI of less than 0.9. By chance,
another ancestry-informative SNP located in the putative AAI region on chromosome 11
(rs1042602) had been typed previously in CHS-AA. Therefore, rs1042602 was typed in Health
ABC-AA as well and genotype at this SNP was tested for its relationship to low AAI. These
models were run for each individual study population separately and in a single model
combining the data from both studies. These models were adjusted for gender, age, study site
(and study in combined models), total serum cholesterol, HDL cholesterol, weight, smoking
status, diabetes status, hypertension status, prevalent cardiovascular disease, and estimated
percentage of African ancestry. Results are shown for the homozygous African genotype.
Subjects with the homozygous European genotype and heterozygotes comprised the reference
group for calculating odds ratios, and a dominant genetic model was used. Subjects with AAI
greater than 1.4 were excluded from these analyses.

RESULTS
Participant characteristics

Table 1 shows the baseline demographic information in both the primary and replication
cohorts. The mean age of subjects in the Health ABC-AA cohort was 73.4 (range 68–80), the
mean AAI was 1.02 (range 0.44–1.50), and the mean percentage of African ancestry was 77.2%
(range 11.2–99.9). More than half of subjects (55.1%) had a history of smoking, 26.6% were
diabetic, 19.8% had a history of coronary heart disease, and 10.6% had a history of peripheral
arterial disease. The baseline characteristics of the CHS-AA population were similar to those
of the Health ABC-AA participants, although fewer had clinical PAD. The mean genome-wide
percentage of African ancestry in CHS-AA was 73.8% and the mean AAI was 1.02.

Association between individual ancestry and AAI
We first assessed the relationship between genome-wide percentage of European ancestry and
AAI separately in Health ABC-AA and CHS-AA, and obtained similar results in each cohort.
The combined results are shown in Figure 1. Overall, there was a statistically significant
association between increasing percentage of European ancestry and increasing AAI in the
combined analysis group of Health ABC-AA and CHS-AA participants (p = 9.6*10−5, r2 0.68,
Figure 1). This association was not attenuated in multivariate regression models that adjusted
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for gender, age, study site, height, weight, socio-economic status, total serum cholesterol, high-
density lipoprotein (HDL) cholesterol, weight, height, smoking status (never, former or current
smoker), diabetes status, hypertension status, and prevalent cardiovascular disease.

Admixture mapping of AAI in Health ABC-AA
By modeling AAI as a continuous trait and using the locus-specific ancestry estimates from
either STRUCTURE or ADMIXMAP, the strongest evidence for ancestry association with
AAI was on chromosome 11, including rs12289502 at 80Mb and rs9665943 at 82Mb (Table
2). The admixture mapping results for all SNPs genotyped in Health ABC-AA between 11–
76 and 11–88 are shown in table 2. Following Bonferroni correction for multiple testing, the
association between rs9665943 and AAI retained borderline statistical significance (p=0.08).
The association between locus-specific ancestry at chromosome 11 and AAI eliminated the
association between individual genome-wide ancestry and AAI in our STRUCTURE based
analyses and regression models.

The absolute values for the ANCESTRYMAP association scores are displayed in Figure 2.
The 4 SNPs with the strongest ancestry association (LOD ~4) were all between 76 and 83 Mb
on chromosome 11 (Table 2). Figure 3 shows the distribution of LOD scores along chromosome
11. The 95% confidence interval calculated for association with SNPs on chromosome 11q is
estimated at 79Mb to 104Mb, and includes rs9665943 (LOD=3.9). The highest LOD score
found with the ANCESTRYMAP analysis was 4.1, at rs12289502. Associations were nearly
identical when ANCESTRYMAP was re-run with differential risk parameters exchanged
between the two phenotypic groups.

Logistic regression in Health ABC-AA and CHS-AA
To confirm the association of genotype at rs9665943 with low AAI, we performed multivariate-
adjusted logistic regression of genotype at rs9665943 on low AAI in Health ABC-AA and
CHS-AA. All regressions were run for each individual study population separately and in a
single model combining the data from both studies. Identical models were run for genotype at
rs1042602, a SNP in the same region, as well. In all models, homozygous African genotype
at both rs9665943 and rs1042602 was significantly associated with low AAI when compared
to a reference group of subjects who were carriers of at least one European allele (Table 3).
Excluding varied strata of high AAI participants from these models did not attenuate either of
the SNP associations’ significance. We also tested our significant SNPs for association with
coronary heart disease and cerebrovascular disease, and found no association with either (data
not shown).

In order to assess the degree of linkage disequilibrium in this region, we calculated the
correlation coefficients between rs1042602 and the six SNPs listed in Table 2. All of the
coefficients were greater than 0.8, indicating a high degree of linkage disequilibrium in this
region.

DISCUSSION
Using admixture mapping, we have identified an area of chromosome 11 reaching its peak
between 80 and 82 Mb that is potentially associated with a low AAI in African Americans.
Although genotype at none of the SNPs in this region met criteria for genome-wide statistical
significance following adjustment for multiple testing and genome-wide European ancestry,
genotype at rs9665943 had borderline statistical significance. Even though none of the SNPs
in this region met the pre-specified threshold for genome-wide significance (LOD of 5) in the
ANCESTRYMAP analysis, the fact that several SNPs in this region nearly met criteria for
statistical significance across the three different admixture-mapping platforms and showed a
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strong association with AAI in logistic regression in two different populations suggest that this
area might hold a candidate gene associated with PAD and is a promising region for future fine
mapping.

Rs9665943 is part of hypothetical protein MGC33846, which has no known function. Another
candidate SNP in this area, rs1042602, is a nonsynonymous polymorphism within the coding
region of the tyrosinase gene. Tyrosinase is a copper-containing protein that catalyzes several
reactions necessary for melanin biosynthesis.[35] Mutations in the gene which lead to
deficiencies in the activity of tyrosinase are associated with occulocutaneous albinism, Type
IA, although there are no published accounts of patients with OCA1 having increased incidence
of PAD or any other vascular disease.[36,37] A search of NCBI Genome View, build 36.2
revealed several potential candidate genes in this region including thyroid hormone responsive
gene, which encodes a protein involved in lipogenesis,[38] and angiotensinase C, which
encodes an enzyme that regulates both the renin-angiotensin system and the kallikrein-kinin
system and has been implicated in preeclampsia in hypertensive women.[39] Angiotensinase
C is only 100Kb downstream from rs9665943.

Although we only report results of regression analysis for rs9665943 and rs1042602, there
were several other SNPs in the admixture map in the same region of chromosome 11 which
showed a potential association with AAI. Because the primary goal of this study was to find a
region of the genome for future fine mapping for potential candidate gene discovery, we chose
to focus on these two particular SNPs as representative of the region rather than report the
outcomes of extensive analysis on all of the SNPs in the region. The results of similar regression
analysis for rs12289502, a SNP 2Mb away from rs9665943 yielded similar results (data
available upon request).

There are two published reports of whole genome linkage studies for PAD.[7,12] Neither study
identified the region on chromosome 11, and only one study included African-Americans in
the study population. However, linkage and admixture mapping would not necessarily be
expected to map the same loci. Linkage analysis depends on the contribution of a locus to
heritability of the trait and is independent of the allele frequency distribution at the locus while
admixture mapping examines how loci contribute to a trait. Thus, the power of admixture
mapping is dependent upon the allele frequency difference between ancestral populations at a
particular locus.

A potential limitation to our study was our use of AAI as a continuous outcome in our
ADMIXMAP and STRUCTURE analyses even though prior work has shown that the
relationship between AAI and mortality is, in fact, non-linear[16,40]. However, this locus
remained associated with low AAI when AAI was analyzed as a dichotomous trait.

A challenge in the use of AAI as a phenotype is the treatment of subjects with high AAI, which
might reflect some degree of arterial calcification, a different etiology than the plaques and
stenoses associated with low AAI,[16] Although one study has suggested that subjects with
AAI>1.4 have similar risk factor and cardiovascular outcome profiles to subjects with low AAI
and increased mortality rates [7,16], the cut-off for the upper limit of what constitutes a normal
AAI is not known. Because the pathophysiology associated with having an abnormally high
AAI differs from that associated with having a low AAI (PAD), subjects with AAI between
1.4 and 1.5 were not excluded from the admixture mapping. When we excluded these subjects
from the regression analysis, the associated between the locus on chromosome 11 and AAI
was still present. While more work must be done to clarify what constitutes an abnormally high
AAI, we do not believe that our analysis was confounded by our inclusion of subjects with
AAI between 1.4 and 1.5 in the admixture mapping. When we excluded these subjects, the
results we obtained were similar to the results reported (data available upon request.) Studies
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with larger populations or studies focused on arterial calcification may help to determine if the
genes associated with PAD and high AAI are the same as those for PAD with low AAI. Further,
we were unable to exclude subjects with “incompressible” arteries, so this may represent an
additional source of confounding.

Another issue is the potential confounding of our association by socioeconomic status, given
the complex nature of the relationship between genetics, population structure, and
demographics.[32] In order to address this, we performed a post-hoc analysis adjusting for
education status and estimated family income, commonly-used indicators of socioeconomic
status, and the significance of the AAI-genotype relationship was not mitigated (data available
upon request.) In addition, while socioeconomic factors and access to appropriate care and
prevention could confound the association between overall individual ancestry and PAD or
AAI, it should not affect the association between any locus and PAD or AAI. Thus, locus
specific associations with PAD or AAI that are significant after adjustment for ancestry are
unlikely to be confounded by non-genetic factors. Finally, the power of admixture mapping is
limited by the allele frequency of causative marker. We can only detect causative loci which
have high ancestral allele frequency differences between African and European populations.

In summary, we have used an admixture mapping approach to identify a genetic locus on
chromosome 11 associated with AAI. Future work will focus on fine mapping of this region
to identify the gene and genetic variants underlying this association.
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Figure 1.
Increasing minimum AAI measurement is associated with increasing percent ancestry from
genome-wide estimates. p, trend = 9.6*10−5, r2=0.68
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Figure 2.
LOD scores of ANCESTRYMAP analyses describing associations between SNP’s and
dichotomized AAI phenotype. Each point represents a singe SNP. LOD score of 3.2 is estimate
of minimum threshold for suggested association in this analysis.
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Figure 3.
Detailed admixture map of chromosome 11
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Table 3

Odds ratios, 95% confidence intervals coefficients for effects of homozygous African genotype at rs9665943
and rs1042602 for odds of AAI<0.9*

SNP Population OR (95% CI) p-value

rs9665943 Health ABC-AA 1.53 (1.16–2.02) 0.009

CHS-AA 1.59 (1.12–2.27) 0.003

Combined 1.56 (1.26–1.93) <0.001

rs1042602 Health ABC-AA 1.72 (1.08–2.73) 0.022

CHS-AA 2.27 (1.13–4.54) 0.02

Combined 1.89 (1.29–2.76) 0.001

Adjusted for gender, age, study site (and study in combined models), total serum cholesterol, HDL cholesterol, weight, smoking status, diabetes status,
hypertension status, prevalent cardiovascular disease, and estimated percentage of African ancestry. Genotype AA at rs9665943 represents African
homozygote, GG European homozygote. Genotype CC at rs1042602 represents African homozygote, AA European homozygote.

*
Reference group for calculating odds ratios was subjects with at least one European allele.
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