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INTRODUCTION
Obesity is an important cause of morbidity and mortality 
worldwide, increasing the risk of hypertension, diabetes, and 
cardiovascular diseases. Environmental factors such as socio-
economic status (SES), physical inactivity, and excess caloric 
consumption can a!ect an individual’s risk of obesity (1). 
Although environmental factors are important, there is con-
siderable evidence that genetic factors also play a signi"cant 
role in the pathogenesis of obesity. Family studies have shown 
that heritability of BMI ranges from 25% in adoption studies to 
70% in twin studies, with an overall estimate of ~40% (2,3).

Although obesity, as de"ned by a BMI 30 kg/m2, is highly 
prevalent in the United States, its prevalence varies among 
racial/ethnic groups. Based on the 2003–04 National Health 

and Nutrition Examination Study, African Americans are 
~1.5 times more likely to be obese than their white counter-
parts (45.0% of African Americans and 30.6% of white adults 
were obese) (4). Studies have indicated that even in homoge-
neous SES groups, the prevalence of obesity is still higher in 
African Americans (4,5). #e disproportionate level of obes-
ity in African Americans probably cannot be fully explained 
by SES or environmental factors alone, which prompted our 
hypothesis that the di!erences in genetic background may par-
tially account for di!erences in obesity risk across racial/ethnic 
populations.

Admixture mapping is an e$cient method to scan the genome 
in recently admixed populations, such as African Americans, 
for genomic regions which may harbor variants that not only 
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di!er in frequency but can also partially explain di!erences 
in phenotypes between genetically diverse populations, such 
as Europeans and Africans (6–11). In African Americans (~6 
generations since "rst mixture, on average), genomic segments 
with contiguous European or African ancestry have not had 
much time to break up by recombination (9–11). #erefore 
admixture mapping only requires genotyping genetic markers 
every couple of million base pairs, which is 100–1,000 times 
less density than is required by genome-wide linkage disequi-
librium association studies (12).

Since the identi"cation of appropriate markers and the devel-
opment of analytical methods (10) appropriate for admixture 
mapping studies in African Americans, studies have reported 
signi"cant associations with genetic loci for multiple sclerosis 
(13), prostate cancer (14), hypertension (15), in%ammatory 
markers (16), white blood cell count (17), and end-stage renal 
disease (18). Although the regions localized by admixture map-
ping are generally broad, a recent study has been successful in 
precisely identifying genetic variants that a!ect the circulating 
levels of interleukin-6 soluble receptor and interleukin-6 (16), 
and another study succeeded in following-up an initial broad 
admixture mapping by a "ne-mapping study that found the spe-
ci"c variants responsible for risk of prostate cancer (19).

Although previous studies have shown that degree of 
African admixture is positively correlated with BMI in African 
Americans (20,21), suggesting that genetic admixture may 
have a modest to strong e!ect on obesity susceptibility, there 
has not been a comprehensive genome-wide scan to search 
for regions that may account for this observed association. In 
the present study, we carried out a genome-wide admixture 
mapping scan using 1,350 ancestry-informative markers in 
3,531 self-identi"ed blacks from the Atherosclerosis Risk in 
Communities (ARIC) study.

METHODS AND PROCEDURES
Study populations
Subjects of the present study were from the 4,266 African-American 
participants of the ARIC study. #e ARIC study is a prospective 
epidemiologic study that examines clinical and subclinical athero-
sclerotic disease in a cohort of 15,792 persons, aged 45–64 years at 
their baseline examination. Participants were selected by probabil-
ity sampling from four US communities: Forsyth County, NC (12% 
African American); Jackson, MS (100% African American); the 
northwest suburbs of Minneapolis, MN (<1% African American); 
and Washington County, MD (<1% African American). #e sam-
pling procedure and methods used in ARIC have been described 
in detail elsewhere (22). #e baseline examination took place from 
1987 to 1989. Data from the baseline examination were used for the 
present analysis. Classi"cation of ethnicity was based on self-report. 
All procedures were conducted according to institutionally approved 
protocols for study of human subjects and written informed consent 
was obtained from all subjects.

The final sample size for the present study was 3,531 African 
Americans a&er applying the following exclusion criteria: (i) African-
American subjects who lived in Minneapolis, MN, or Washington 
County, MD (n = 55), (ii) did not consent to genetic studies or did 
not have DNA samples available (n = 255), and (iii) samples that were 
not genotyped successfully or that failed to pass quality control (n = 
425, see section “Elimination of poorly performing and problematic 
samples”).

Obesity-related phenotypes
#e ARIC study has extensive anthropometric data as well as  behavioral 
and environmental data relevant to obesity. Anthropometric measure-
ments were performed with the participants in fasting state with an 
empty bladder and wearing light-weight, nonconstricting underwear 
and no shoes. Height was measured with a wall-mounted ruler, and 
weight was measured using a balance scale that was zeroed daily. BMI 
was calculated as weight (in kg)/height (in meters) squared. Waist 
and hip circumferences were measured using an anthropometric tape 
applied at the level of umbilicus and at the maximal protrusion of the 
gluteal muscles, respectively. #e reliability of circumference measure-
ments was high (intraobserver reliability of coe$cient, R > 0.91) (23). 
Subscapular skinfold thickness and triceps skinfold thickness were 
measured using a Lange caliper on standardized right-side location. 
#e reliability of intertechnician measurements of triceps skinfolds and 
subscapular skinfolds was high (R > 0.91) (23).

An additional phenotype was “waist circumference adjusted for BMI,” 
which was obtained by using the residual from a linear regression of waist 
circumference as the dependent variable and BMI as independent. Waist 
circumference adjusted for BMI has been shown highly correlated with 
abdominal fat and was used as a surrogate for visceral fat (24).

SES and other covariates
Measurements of other potential factors relevant to obesity are described 
as follows. Information on SES, including personal education, occupa-
tion, and family income, was collected during the baseline interview. 
For the purpose of this analysis, education level was categorized as three 
groups: high school not completed; high school graduate or vocational 
school completed; and some college, college completed or some gradu-
ate or professional school. Occupations were assigned according to the 
criteria of the 1980 US Census and categorized as six groups: mana-
gerial and professional specialty; technical, sales and administrative 
support; service; farming, forestry and "shing or precision production, 
cra& and repair; operators, fabricators, and laborers; and homemakers 
(25). Total combined family income was categorized as <$5,000–7,999, 
$8,000–24,999, and $25,000. Approximately 6% of study participants 
did not provide their income information and thus they are coded as a 
separate category.

Physical activity during leisure time was assessed by a modi"ed version 
of the questionnaire developed by Baecke et al. (26). Diet was character-
ized using a modi"ed version of the 61-item food frequency question-
naire developed by Willett et al. (27), and the dietary fat was summarized 
with the use of the Keys score (28).

Diabetes was de"ned as the presence of any one of the following at 
the baseline examination: (i) fasting glucose 7.0 mmol/l (126 mg/dl), 
(ii) nonfasting glucose 11.1 mmol/l (200 mg/dl), (iii) current use of dia-
betic medication, or (iv) a positive response to the question “Has a doctor 
ever told you that you had diabetes (sugar in the blood)?”

Genotyping for the admixture SNP panel
A total of 1,536 single-nucleotide polymorphisms (SNPs) were included 
in our admixture panel. #is panel was constructed by using the 
panel of ancestry-informative markers previously published by Smith 
et al. (11), and then improving this panel by mining new ancestry-
 informative markers from the data sets of Hinds et al. (29) and the 
phase 2 International Haplotype Map (30), and validating them to 
con"rm that they were indeed ancestry informative. #ese SNPs were 
then prioritized as most informative about West African vs. European 
ancestry, according to their predicted usefulness for determining ances-
try (Supplementary Table S1 online). Genotyping was performed by 
the Center for Inherited Disease Research (Johns Hopkins University, 
Baltimore), using the Illumina BeadLab platform (31). #e ARIC 
study has a rigorous quality control program, including blind dupli-
cates. Many genotypes in duplicates were obtained using the Illumina 
BeadLab technologies in ARIC African-American participants, and 
CEPH and Yoruban samples. #e mismatch rate among 218,461 dupli-
cate genotypes was 0.1%.
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Frequency estimates from ancestral populations
To estimate frequency for each of the SNPs in Africans and Europeans, 
we used genotype data from 175 West African and 259 European sam-
ples (11,14,32). #ese samples provided a Bayesian prior distribution 
for the reference and variant alleles in the two ancestral populations.

Elimination of poorly performing and problematic samples
A&er genotyping, samples were eliminated based on the following 
criteria: (i) samples with low (<94%) call rate (n = 372), (ii) samples 
showing gender mismatch between self-reported data and genetically 
estimated gender based on 50 markers on the X chromosome (n = 20), 
and (iii) duplicate samples (de"ned as >75% match in the genotypes 
between two samples; n = 14).

We used built-in data checking programs in the ANCESTRYMAP 
(10) so&ware to exclude samples with an apparent excess or de"ciency 
of heterozygous genotypes compared with the expectation from the indi-
viduals’ global European ancestry. An apparent excess of heterozygous 
genotypes (de"ned as the Z-score >10) usually indicates the individuals 
have parents with divergent ancestries (e.g., one parent who is entirely of 
European ancestry) and such individuals nearly always have estimated 
European ancestry close to 0.5 (10). We removed such individuals (n = 
15) from our study because they contradict the assumptions of our 
admixture mapping so&ware. We did not identify any individuals with 
an apparent de"ciency of heterozygous genotypes (de"ned as the Z-score 
less than '6) (10). Individuals who appeared to be genetic outlier (i.e., 
an estimated proportion of European ancestry (PEA) >0.85, see section 
“Estimating genetic ancestry”) were further excluded (n = 4) from the 
subsequent admixture mapping scan.

SNP quality control
SNPs were dropped if there were atypical clustering patterns (n = 46) or 
ill-de"ned clusters (n = 73). An additional SNP was dropped because 
of relatively low genotyping success rate (95%). #is le& us with 1,416 
SNPs (all with genotyping call rate >97%). We then used a series of 
criteria as described previously to further eliminate SNPs from the 
analysis (13). First, we eliminated SNPs (n = 15) if they did not meet 
the requirement for Hardy–Weinberg equilibrium (P > 0.01) in both 
ancestral West African and European populations. We then examined 
the SNP frequency and con"rmed that the frequencies of all SNPs in 
the African-American participants were appropriately intermediate 
between the frequencies in the West African and European ancestral 
populations (10). Lastly, we eliminated SNPs (n = 51) that were in link-
age disequilibrium with each other in the two ancestral populations, as 
this can produce false positive signals of association (10). A&er impos-
ing these requirements, 1,350 SNPs were le& for analysis.

Estimating genetic ancestry
For each individual, we estimated a global ancestry, as indicated by PEA 
using the ANCESTRYMAP so&ware (10). To account for uncertainty 
in the unknown parameters (i.e., average proportion of alleles inher-
ited from population and number of generations since admixture) that 
emerge from the hidden Markov model analysis, ANCESTRYMAP 
uses a Markov chain Monte Carlo approach. All Markov chain Monte 
Carlo runs used 100 burn-in and 200 follow-on iterations, as recom-
mended (10). We also carried out principal component analysis on the 
genotypes using the EIGENSTRAT (33,34) so&ware to infer continu-
ous axes of genetic variation. #e axes of variation are de"ned as the top 
eigenvectors of a covariance matrix among individuals.

Assessing correlations between global ancestry 
estimate (PEA) and obesity-related phenotypes
Statistical analyses were carried out using Stata 9.2 (Stata, College 
Station, TX). Obesity-related quantitative traits were initially adjusted 
for age, sex, and study sites using multivariate linear regression mod-
els. In separate models, the traits were also adjusted for SES, includ-
ing education level, occupation, and income. Residuals of the traits 
from the regression models were then obtained for each individual. 

#e  correlations between the residuals and PEA were calculated using 
Spearman’s rank correlation coe$cients (rs). Additionally, we assessed 
the correlations only in individuals without diabetes, to avoid prob-
lems related to comorbidity and treatment. Other covariates were also 
examined in the analyses, including the dietary Keys score (35) and 
physical activity during leisure time, which are known to be associated 
with obesity.

Admixture mapping scan
We used ANCESTRYMAP (10) to search for association with genomic 
regions that have an increased proportion of either European or 
African ancestry. For the purpose of this analysis, study participants 
were ranked by the residuals estimated from the linear regression 
models with obesity traits as dependant variables, and age, sex, study 
site, and SES as independent variables. #e top 30% of participants 
with the highest residuals were de"ned as cases and the bottom 30% 
as controls for each trait. Because ANCESTRYMAP uses Bayesian sta-
tistics, a prior distribution of risk models is required (10). We tested 
12 prespeci"ed risk models for each trait to assess overall evidence 
of association by averaging all models. #e "rst six models used 0.5-, 
0.66-, 0.8-, 1.2-, 1.5-, and 2.0-fold increased risk due to inheritance of 
one copy of a European ancestral allele for cases, with a control risk 
of 1. #e next six models used the same risk set as the "rst for cases, 
but the control risks were set to the reciprocal of the case risks. #is 
set of models re%ects the hypothesis that European ancestral alleles 
are less likely to confer risks and also tests for the alternative possibili-
ties (10).

Two statistics are produced by the ANCESTRYMAP so&ware. First, 
it calculates a “locus–genome statistic” in cases only by comparing 
the likelihood of any locus being a disease locus (average PEA at 
the locus) vs. it being not related to disease (average PEA across the 
genome) (10). A locus-speci"c lod (log10 of this likelihood) score 
>4 is considered as suggestive signi"cant and >5 as signi"cant. To 
account for multiple hypothesis testing, a genome-wide lod score, 
which assesses whether there is a risk locus anywhere in the genome, 
was calculated by averaging the locus-speci"c lod scores across all 
loci in the genome. We interpret a genome-wide lod score >1 as 
suggestive signi"cant and >2 as signi"cant at a genome-wide level. 
Second, ANCESTRYMAP produces a “case–control statistic,” which 
compares mean estimates of PEA in cases vs. controls at every locus 
in the genome, and ensures that any deviation in ancestry from the 
genome-wide average is seen only in cases, but not in controls (10). 
Under null hypothesis, this statistic is distributed as a standard nor-
mal distribution. To account for multiple comparisons in the case–
control analysis, we presented Bonferroni-adjusted P values that 
had been corrected for 1,000 hypotheses (markers) tested. Both the 
locus–genome and the case–control statistics assess the association 
between marker and phenotype that is above and beyond the associa-
tion between overall ancestry and phenotype (10).

Testing for associations of the local ancestry  
at the admixture signal to BMI
A&er the initial admixture scans which were based on a dichotomous 
phenotype (i.e., cases and controls), we included all samples in an 
analysis of continuous traits to check whether the results were con-
sistent. To do this, we used the ANCESTRYMAP so&ware to obtain 
local estimates of ancestry at the site of the admixture signal (10). 
To determine whether there is evidence of residual association with 
the local estimates of ancestry a&er adjustment for global ancestry 
(PEA), we performed linear regression analysis. First, we applied a 
normal-quantile transformation for BMI (the trait showing evidence 
of association, see “Results” section). We ranked the BMI values and 
obtained the percentile of each value. #e percentile was matched to a 
standard normal distribution with corresponding Z-score, which was 
then used for the regression analysis. Next, we determined the asso-
ciation and its signi"cance by regressing local estimates of ancestry on 
the transformed BMI. Finally, we assessed whether the local ancestry 
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estimated at the admixture peak was associated with the transformed 
BMI even a&er accounting for global ancestry. #is approach ena-
bled us to include all samples into an analysis of the continuous BMI 
pheno type, instead of just using de"ned case and control samples 
according to the highest and lowest levels.

RESULTS
Basic demographic and phenotypic characteristics by study 
site for the 3,531 subjects included in the analysis are sum-
marized in Table 1. ARIC participants from Jackson had 
higher BMI, were less likely to have attended college and 
reported lower incomes, physical activity and dietary fat 
intake than those from Forsyth County (all P < 0.05). #e 
eliminated individuals (n = 735, see section “Study popu-
lations”) did not signi"cantly (all P > 0.05) di!erent from 
those individuals included in the analysis in BMI, weight, 
waist circumference, hip circumference, and triceps skinfold 

thickness (data not shown), except that they had slightly 
higher waist-to-hip ratio (0.93  0.07, P = 0.002) and thinner 
subscapular skinfold thickness (31.0  13.4 mm, P = 0.006) 
than those included.

#e distribution of estimated PEA in the African-American 
participants appeared right-skewed (Figure 1). Overall, the 
median (interquartile range) PEA was 0.151 (0.115) in all partic-
ipants, 0.150 (0.111) in Jackson participants, and 0.172 (0.136) 
in Forsyth County participants (P for the di!erence between 
the two sites = 0.004, by Wilcoxon rank-sum test). Although 
the PEA was higher in participants from Forsyth County, there 
were highly overlapping distributions of ancestry between the 
two ARIC study sites based on principal component analysis 
for detection of substructure (Figure 2). We found a very high 
correlation between individuals’ "rst eigenvector (axis of vari-
ation) and the estimated PEA (rs = 0.99, P < 0.0001); thus the 

Table 1 Baseline characteristic of the study participants by study site

Jackson, MS  
(n = 3,126)

Forsyth County, NC  
(n = 405)

Combined  
(n = 3,531)

Age 53.4  5.8 54.5  5.9a 53.5  5.8

Sex (% female) 62.6 57.8 62.1

BMI (kg/m2) 30 (%) 41.5 32.9a 40.5

BMI (kg/m2) 29.8  6.2 28.6  6.2a 29.6  6.2

Weight (lb) 184.7 38.3 176.3  39.0a 183.8 38.5

Waist circumference (cm) 99.1  15.3 99.1  14.8 99.1  15.2

Hip circumference (cm) 108.0  12.2 106.0  12.0a 107.8  12.2

Waist-to-hip ratio 0.92  0.08 0.93  0.07a 0.92  0.08

Subscapular skinfold thickness (mm) 33.2  14.4 27.7  11.4a 32.5  14.2

Triceps skinfold thickness (mm) 27.6  12.5 25.3  11.8a 27.3  12.5

College or above (%) 30.1 35.2a 30.7

Family annual income >$25,000 (%) 28.0 39.5a 29.4

Executive, managerial, or professional 
occupations (%)

20.7 21.0 20.7

Index of physical activity during leisure time 2.0  0.6 2.3  0.5a 2.1  0.6

Dietary Keys score 42.5  8.7 41.4  9.6a 42.4  8.8

Diabetes (%) 19.9 17.0 19.5

Data are shown as mean  s.d. for continuous variables.
aP < 0.05, between two study sites.
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Figure 1 Histograms of estimated proportions of European ancestry (PEAs) in African Americans in the Atherosclerosis Risk in Communities study. 
The PEA was determined using the ANCETRYMAP software for (a) 3,126 individuals in Jackson, MS, (b) 405 in Forsyth County, NC, and in (c) all 
3,531 subjects. Four individuals from Jackson who had an estimated PEA >0.85 (0.951, 0.949, 0.942, and 0.937, respectively) were excluded.
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"rst axis of variation may well re%ect continental origins and 
ancestry e!ects.

In the ARIC participants, we observed a signi"cant trend 
(P < 0.0001) toward decreased PEA from 0.164 (0.128) in 
the nonobese individuals (de"ned as BMI <25), to 0.156 
(0.119) in overweight individuals (BMI 25–29.9), and 0.143 
(0.103) in the obese individuals (BMI 30). #e correla-
tions between PEA and each of the eight continuous obes-
ity-related traits are shown in Table 2. When correcting 
for age, sex, and study site, we found that all traits, except 
waist-to-hip ratio, were signi"cantly correlated with PEA. 
Additionally adjusting for SES weakened most of the asso-
ciations, but did not abolish them all. #at is, BMI (P = 4.3 ( 
10'5), weight (P = 2.3 ( 10'4), hip circumference (P = 0.009), 
and subscapular skinfold thickness (P = 0.001) were still sig-
ni"cantly, inversely correlated with PEA. In contrast, waist 
circumference adjusted for BMI was signi"cantly, positively 
correlated with PEA (P = 3.6 ( 10'4). #e evidence of sig-
ni"cant correlations for these "ve traits persisted and the 
strength of the correlations was similar, even a&er addition-
ally correcting for other covariates, including dietary fat and 
physical activity during leisure time (data not shown). To 
minimize the potential impact of diabetes on obesity-related 
traits, we further examined these correlations among only 
nondiabetic individuals (n = 2,780) and found the strengths 
of correlations with BMI, weight, and hip circumference to 
be stronger (i.e., higher absolute value of rs). For waist cir-
cumference adjusted for BMI, the correlation appeared to be 
weaker in nondiabetic individuals.

Although there were di!erences between the two study sites 
for some of the obesity-related traits, the site-speci"c corre-
lations between the traits and PEA were similar for all traits 
except for waist-to-hip ratio, which was not signi"cantly asso-
ciated with PEA in either site (see Supplementary Table S2 
online). #erefore, in the present study, we pooled samples 

from two sites to increase study power for the above  correlation 
analysis and the following admixture scans.

Admixture mapping scans were performed on each of the 
eight obesity-related traits (adjusted for age, sex, study site, 
and SES). Using the top 30% of participants with the high-
est values as cases and the bottom 30% as controls, we found 
genome-wide suggestive signi"cant evidence of associations 
with BMI (Table 3). #e strongest association for BMI was at 
27.3 Mb on chromosome 2 (2p23.3) between rs13025681 and 
rs7593448. #e peak locus-speci"c lod was 4.11 (Figure 3a), 
which meets our priori de"ned thresholds for suggestive sig-
ni"cance (lod = 4). Averaging 10 to the power of the lod scores 
across all loci in the genome and taking the log10 of this aver-
age produced a genome-wide association score of 1.14, again 
meeting our threshold of 1 for suggestive signi"cance account-
ing for multiple comparisons. #e most extreme case–control 
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Figure 2 The top two axes of variation (eigenvector) from principal 
component analysis in the Atherosclerosis Risk in Communities (ARIC) 
African Americans and the HapMap YRI and CEU samples. The first 
axis of variation may reflect continental origins. This analysis found 
highly overlapping distributions of ancestry between the two ARIC 
study sites—Jackson and Forsyth County—although the PEAs were 
significantly different (P = 0.004).

Table 2 Correlations between obesity-related traits and proportions of European ancestry

Traits

Adjustment for age, sex,  
and study site

Adjustment for age, sex,  
study site, and SESa

Adjustment for age, sex, study site, 
and SESa in nondiabetic subjects

rs P value rs P value rs P value

BMI !0.090 8.0 " 10!8 !0.069 4.3 " 10!5 !0.075 8.7 " 10!5

Weight !0.079 2.7 " 10!6 !0.062 2.3 " 10!4 !0.067 2.4 " 10!4

Waist 
circumference

!0.055 0.001 !0.028 0.096 !0.037 0.051

Hip circumference !0.054 0.001 !0.044 0.009 !0.050 0.009

Waist-to-hip ratio !0.032 0.060 0.005 0.749 0.002 0.932

Waist 
circumference 
adjusted for BMI

0.042 0.013 0.060 3.6 " 10!4 0.054 0.005

Subscapular 
skinfold thickness

!0.063 1.7 " 10!4 !0.055 0.001 !0.055 0.004

Triceps skinfold 
thickness

!0.036 0.035 !0.033 0.053 !0.042 0.029

Correlations between adjusted traits and proportions of European ancestry were assessed using Spearman’s rank correlation coefficient (rs).
aSocioeconomic status (SES), including personal education, occupation, and family income.
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statistic (Z-score) in the genome is '5.09 (Bonferroni-adjusted 
P = 3.6 ( 10'4), and was exactly at the same location as the 
peak locus-speci"c lod of 4.11.

We also performed admixture scans on nondiabetic subjects 
only. #e peak locus-speci"c lod increased from 4.11 to 4.65 
(Figure 3b) and the genome-wide lod score increased from 
1.14 to 1.73, despite the smaller sample size. #e best case–
control Z-score is '5.41 (Bonferroni-adjusted P = 6.3 ( 10'5). 
For weight, a peak locus-speci"c lod of 4.07 was identi"ed 
at the same location with BMI at 2p23.3, with a correspond-
ing genome-wide lod score of 1.22 (Table 4), again reaching 
the thresholds for suggestive signi"cance for a genome-wide 
analysis. #e case–control statistic for weight at this peak 
is '5.11, corresponding to a Bonferroni-adjusted P = 3.2 ( 
10'4. We failed to "nd any evidence of associations with the 

other six obesity-related traits. However, the best locus-speci"c 
lod scores for waist circumference and hip circumference were 
also at 2p23.3.

We next performed an analysis to determine whether the 
observed association on 2p23.3 was due to our case–control 
de"nition, by examining the locus-speci"c lod score for each 
individual. As expected, we found that the evidence of associa-
tion to BMI was contributed mostly by the subjects with the 
highest BMIs (those in the top 15–45% of BMI) (Figure 4). 
#e cumulative score increases gradually a&er the top 15% of 
adjusted BMI values, reaches its maximum for the top 30%, 
and then drops a&er the top 45%. We also ranked all nondia-
betic subjects according to their adjusted BMI values. Similarly, 
we found that the admixture association is contributed by 
the top 12–50% of nondiabetic subjects. #e cumulative lod 

Table 3 Summary of locus–genome and case–control statistics from the admixture mapping scans of BMIa

No. of  
cases/controls

Genome-wide 
lod scoreb

Scores at chromosome 2 peak

Case-only 
locus-specific lodc

Case–control 
Z-statistic

All African-American subjects 1,053/1,054 1.14 4.11 !5.09

Nondiabetic African-American 
subjects only

914/915 1.73 4.65 !5.41

All African-American subjects, best-
fit model of 0.79-fold risk because of 
European ancestry with the control risk 
of 1.25

1,053/1,054 2.17 5.20 !5.09

Nondiabetic African-American subjects 
only, best-fit model of 0.79-fold risk 
because of European ancestry with the 
control risk of 1.30

914/915 2.92 5.84 !5.41

aBMI was adjusted for age, sex, study site, and socioeconomic status. bGenome-wide lod scores >2 are formally significant; scores >1 are suggestive. cLocus-specific 
lod scores >5 are formally significant; scores >4 are suggestive.
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Figure 3 Genome-wide admixture mapping scans for loci underlying BMI. (a) A suggestive significant signal (locus-specific lod = 4.11) was detected 
at 2p23.3 for BMI in all subjects. Averaging the lod scores across all loci in the genome, we obtained a genome-wide lod score of 1.14, reaching the 
threshold of 1 for suggestiveness. We observed other peaks for BMI at 4q31.21 (locus-specific lod = 2.50) and at 16p13.3 (locus-specific lod = 1.58), 
both of which did not reach the thresholds (lod = 4) for suggestiveness. (b) The admixture association at 2p23.3 was stronger in nondiabetic subjects, 
with the peak locus-specific lod rising to 4.65 and genome-wide score increasing to 1.73.
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score is generally higher in nondiabetic subjects a&er the top 
12% (Figure 4), which suggests the admixture association is 
stronger when we exclude diabetic subjects.

To further examine the robustness of the admixture-gener-
ated signal on 2p23.3 and whether the signal on 2p23.3 con-
tributes to the overall association between global PEA and 
BMI, we next carried out a series of linear regression analy-
sis to assess the association between the normal-quantile 
transformed BMI and both global PEA and local estimates 
of European ancestry at the 2p23.3 peak in all individuals 
(Table 5). As expected, global PEA was strongly associated 
with transformed BMI (P = 7.3 ( 10'5; model 1 in Table 5). 
Similarly, local European ancestry alone was strongly, inversely 
associated with transformed BMI (P = 3.2 ( 10'8; model 2). To 
assess how much of the association between global PEA and 
transformed BMI was accounted by association with ances-
try at 2p23.3, we modeled transformed BMI as a function of 
both global and local European ancestry (model 3). We found 
that the locus European ancestry at the 2p23.3 peak almost 
eliminated the association between BMI and individual glo-
bal PEA. Conversely, a&er adjustment for each individual’s 
global PEA, there was still signi"cant evidence of residual 
association (P = 2.9 ( 10'5) between transformed BMI and the 
local European ancestry (model 3). Each additional copy of 

Table 4 Summary of locus–genome statistic from the admixture mapping scans of obesity-related traits except BMI

Traitsa
No. of  

cases/controls
Genome-wide 

lod scoreb

Best locus Locus-specific 
lodc at 2p23.3Locus-specific lodc Position

Weight 1,053/1,054 1.22 4.07 2p23.3 4.07

Waist circumference 1,053/1,054 !0.09 2.55 2p23.3 2.55

Hip circumference 1,054/1,055 0.01 2.58 2p23.3 2.58

Waist-to-hip ratio 1,053/1,054 !0.31 2.16 5q35.3 !0.39

Waist circumference 
adjusted for BMI

1,053/1,053 !0.75 1.39 3p12.3 !2.10

Subscapular skinfold 
thickness

1,050/1,050 !0.24 1.69 16p13.3 0.84

Triceps skinfold 
thickness

1,053/1,054 !0.45 1.66 2q37.3 0.92

aAdjusted for age, sex, study site, and socioeconomic status. bGenome-wide lod scores >2 are formally significant; scores >1 are suggestive. cLocus-specific lod 
scores >5 are formally significant; scores >4 are suggestive.
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Figure 4 The observed association was contributed mostly by the top 
15–45% of subjects with the highest BMI, adjusted for age, sex, study 
site, and socioeconomic status. The software ANCESTRYMAP was used 
to calculate the lod score of disease association for each individual at 
the peak locus on 2p23.3 under the risk model of 0.79-fold increased 
risk for each copy of the European allele, with a control risk of 1.25. The 
cumulative lod score for BMI increased markedly for the top 15–45% of the 
subjects with highest BMI, and then decreased. For nondiabetic subjects, 
the individual’s lod score was calculated at the same peak under the risk 
model of 0.79-fold increased risk for European ancestry, with a control 
risk of 1.30. In nondiabetic subjects, the cumulative lod score increased 
dramatically for the top 12–50% with highest BMI, and then decreased.

Table 5 Linear regression models of BMIa on global European ancestry and local European ancestry at 2p23.3 peak

Subjects and variables 
in models

Model 1 Model 2 Model 3

Regression 
coefficient P value

Regression 
coefficient P value

Regression 
coefficient P value

All African-American subjects

 Global Europe ancestry !0.07b 7.3 " 10!5 !0.03b 0.098

 Local European ancestry !0.19c 3.2 " 10!8 !0.16c 2.9 " 10!5

Nondiabetic African-American subjects

 Global Europe ancestry !0.07b 2.3 " 10!4 !0.02b 0.255

 Local European ancestry !0.22c 4.3 " 10!9 !0.19c 2.5 " 10!6

aBMI was normal-quantile transformed after adjustment for age, sex, study site, and socioeconomic status, including personal education, occupation, and family income. 
bChange in BMI Z-score units for 0.1 increase in proportion of European ancestry. cChange in BMI Z-score units for one additional copy of European ancestral allele at 
the 2p23.3 peak.
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a European ancestral allele at the 2p23.3 peak was associated 
with a BMI decrease of 0.16 Z-score units on average (equiva-
lent to ~0.92 kg/m2). Similarly in nondiabetic subjects, a&er 
adjustment for global PEA, the residual association with the 
local European ancestry remained signi"cant (P = 2.5 ( 10'6) 
and the size e!ect of the local ancestry was greater than that in 
all subjects.

DISCUSSION
We have conducted the largest admixture mapping scan to 
date in African Americans, and found evidence for associa-
tion to BMI at 2p23.3. Among individuals with BMI in the 
upper 30th percentile of the population, there was sugges-
tive evidence of increased African ancestry on 2p23.3 com-
pared to the rest of the genome (genome-wide lod score = 
1.14; locus-speci"c lod = 4.11). We observed concordant 
results when BMI was examined as a continuous variable, 
with higher levels of European ancestry being signi"cantly 
associated with lower levels of BMI. #e signi"cant evidence 
of association with the local ancestry at the 2p23.3 peak 
was above and beyond the contribution of global European 
ancestry.

In addition to BMI, we found signi"cant inverse correla-
tions between European ancestry and three other continuous 
obesity-related traits, including weight, hip circumference, 
and subscapular skinfold thickness a&er adjusting for SES. 
On the other hand, although waist circumference was not 
associated with genetic admixture a&er adjusting for SES, 
BMI-adjusted waist circumference, potentially as a marker 
of visceral adiposity, was signi"cantly and positively corre-
lated with European ancestry. Clinical studies using com-
puter tomography to determine abdominal fat have shown 
that African-American adults tend to have lower visceral fat 
compared to whites, despite similar BMI and anthropomet-
ric measurements (36–39). Our results are consistent with 
these studies because waist circumference adjusted for BMI 
is a good indicator of central adiposity, adjusted for overall 
fatness (40).

Evidence from previous studies have been equivocal with 
some showing that European ancestry was inversely corre-
lated with BMI in Pima Indians (41) and in African Americans 
(20,21) and others failing to detect such associations (42,43). 
Di!erences in the previous studies might have been due to 
the small number and the lower informativeness of ancestry-
informative markers (20–40 markers) (20,21,42,43) used to 
determine genetic admixture, thus leading to imprecise esti-
mates of ancestry. In contrast, in >3,500 African Americans, 
using a genome-wide panel of 1,350 highly informative mark-
ers for di!erentiating West African and European populations, 
we were able to demonstrate a signi"cant inverse correlation 
between BMI and other obesity-related traits and European 
ancestry even a&er accounting for measures of SES, which is 
consistent with the higher prevalence of obesity in African 
American, compared to whites (4,5,44). It is noteworthy, how-
ever, that none of the above studies reported a high correlation 
between genetic ancestry and BMI. #e proportion of variance 

explained by genetic ancestry is typically weak to modest (20). 
In the present study, using linear regression models, we noticed 
that the local ancestry alone can only account for 0.9% of the 
variation in BMI measurements in African Americans. #is 
may suggest that the in%uence of environmental factors, either 
measured or unmeasured, is much greater than the in%uence 
of genetics on the disparity of obesity risk between ethnic/
racial groups.

Despite the signi"cant correlations of genetic admixture to 
BMI and weight, the evidence for association between the locus 
on 2p23.3 and both BMI and weight from admixture mapping 
scans was only suggestive and did not reach genome-wide sig-
ni"cance. Although our sample size was quite large, the lack 
of statistical signi"cance of this association was not surprising 
given the fact that the e!ect sizes for common variants in%u-
encing obesity are generally small. A single variant in the FTO 
gene, the "rst locus identi"ed by genome-wide association 
studies with impact on obesity, explains only ~1% of adult BMI 
variation (45). It will be important to follow-up this study by 
analysis of more samples to better understand the signal.

Given the suggestive statistical evidence for peak on 2p23.3, 
we constructed the 95% credible interval for this locus and 
examined whether any genes in this region might be bio-
logically relevant to obesity-related phenotypes (13,16). #e 
localization spans 21.6–29.7 Mb (~8.1 Mb) in build 35 of the 
human genome reference sequence and contained many genes 
that may have biological relevance to BMI and weight regu-
lation. One such gene is the pro-opiomelanocortin (POMC) 
gene. In prior linkage studies, genomic regions containing 
the POMC gene have been linked to leptin levels, a predic-
tor of obesity, and/or fat mass in African Americans (46) 
and other ethnic/racial groups (47,48). POMC is a precursor 
of several neuropeptides, such as adrenocorticotropin and 

-melanocyte-stimulating hormone, acting at hypothalamic 
melanocortin receptors to reduce food intake and regulate 
energy homeostasis (49). Studies also showed that the e!ects 
of leptin on controlling appetite are mainly mediated by the 
hypothalamic melanocortin pathway (50). Despite these var-
ious lines of evidence, association studies of the POMC gene 
and obesity-related traits have been inconsistent (51–53). To 
our knowledge, only one small association study (N = 242) 
was conducted in African Americans (53), in which children 
homozygous for POMC A7429G had a nonsigni"cant trend 
for greater BMI, compared to wild-type or heterozygote chil-
dren. Further mapping work is also needed to determine 
whether other variants in the interval are causative for higher 
levels of BMI.

In conclusion, we have carried out a genome-wide admixture 
mapping scan in 3,531 African Americans and identi"ed a risk 
locus for obesity at 2p23.3 where the correlation between local 
ancestry and BMI was strong and suggested a genetic e!ect 
beyond the e!ects of global ancestry on BMI. Follow-up "ne 
mapping or haplotype tagging across the peak will be neces-
sary to determine whether this region harbors genetic varia-
tions that may partially account for di!erences in obesity risk 
between African Americans and whites.
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