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Abstract
Aims/hypothesis Type 2 diabetes is more prevalent in African-
Americans (AFAs) and Hispanic-Americans (HAs) than in
European-Americans. We assessed whether continental admix-
ture was correlated with diabetes risk in these high-risk groups.
Methods We estimated the proportion of sub-Saharan African
(AFR), Amerindian (AMI) and European admixture using 92
ancestry-informative marker genotypes in 16,476 AFA and
HAwomen from the Women’s Health Initiative. Cox regres-
sion models were used to examine the association between
admixture and diabetes risk, with and without accounting for
socioeconomic status (SES) and adiposity measurements.
Results AFR admixture was significantly associated with
diabetes risk in AFA women when adjusting for entry age,

neighbourhood SES and BMI or waist/hip ratio (WHR) (all
p<0.0001). In HA women, AMI admixture had significant
associations with diabetes risk that remained significant
after adjustment for SES and BMI (all p<0.0005). In both
AFAs and HAs, SES showed significant negative associ-
ations while BMI or WHR had significant positive associ-
ations with diabetes risk, with and without adjustment for
genetic admixture.
Conclusions/interpretation In AFAs, admixture, SES and
BMI/WHR each independently contribute to diabetes risk
after accounting for each of the other factors; in HAs, admix-
ture, SES and BMI each independently contribute to diabetes
risk after accounting for each of the other factors, whereas
admixture is not significantly associated with diabetes risk
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after accounting for SES and WHR. The findings emphasise
the importance of considering both genetic and environmental
causes in the aetiology of type 2 diabetes.
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Abbreviations
AFA African-American
AFR Sub-Saharan African
AIMs Ancestry informative markers
AMI Amerindian
CEU Centre d'Etude du Polymorphisme

Humain Europeans
EUR European
EA European-American
HA Hispanic-American
SES Socioeconomic status
SNP Single nucleotide polymorphism
WHI Women’s Health Initiative

Introduction

Diabetes has reached worldwide epidemic levels in virtually
all ethnic groups, but is proportionately of higher frequency
in many non-European populations [1, 2]. In the USA, the
ratio of diabetes in African-Americans (AFAs) compared
with European-Americans (EAs) is 1.6 to 2.0 [3]. Similarly,
the age-adjusted prevalence of diabetes has been estimated
as 13.3% for Mexican-Americans and 13.8% for Puerto
Ricans compared with 7.1% for non-Hispanic whites [4].
The age-adjusted prevalence for women showed a similar
disparity between these ethnic groups: 9.1% for Mexican-
Americans and 8.4% for Puerto Ricans compared with 5.1%
for non-Hispanic whites [3].

These differences in prevalence suggest that diabetes risk
factors, including both genetic and/or environmental compo-
nents, occur more frequently in these admixed ethnic groups.
In the USA, the AFA population is typically an admixture of
European (EUR) and sub-Saharan African (AFR) ancestry in
different proportions [5–9]; and the Hispanic-American (HA)
population generally shows a multi-way admixture with vary-
ing proportions of ancestral EUR, Amerindian (AMI), and
AFR contributions [10–13]. Several studies of HA populations
demonstrate or suggest associations between type 2 diabetes
and individual AMI ancestry proportions [14–17]. However,
these studies have examined relatively small participant sets
(<1000 participants) and have reported substantial confound-
ing by socioeconomic factors. For AFA populations, although
several studies have examined the correlation between AFR
(or EUR) admixture and adiposity measures [5, 8, 18, 19],
investigations on the admixture–diabetes association have

been limited. To our knowledge, only one study addressed this
issue and reported that a higher AFR admixture was observed
in AFAs with diabetic end-stage renal disease [20].

As well as genetic factors, socioeconomic effects including
poverty, education and lack of access to care have been impli-
cated as major factors in differences in diabetes prevalence in
AFAs and EAs [21–24]. A recent study showed both individual
and neighbourhood socioeconomic status (SES) to be associ-
ated with diabetes risk in AFA women [25]. However, the
relative effect of SES varies greatly between studies [21–24,
26, 27]. Differences in diabetes prevalence are also attributed to
differences in BMI, and both BMI and waist-to-hip-
circumference ratio (WHR) have been used to assess
the impact of adiposity and/or fat distribution on diabetes
and other health consequences [28–31]. Potential differences
between the importance of BMI and WHR in different
population groups are also suggested by some previous
studies [19, 29, 31].

As another step in assessing potential differences in diabe-
tes risk, we investigated the relationship between diabetes risk
and the relative proportion of AFR, AMI and EUR admixture
in the Women’s Health Initiative (WHI) participants who self-
identified as AFA or HA. We used a set of ancestry informa-
tive markers (AIMs) that enable the accurate estimation of
AFR, AMI and EUR admixture proportions in AFAs and HAs
[19, 32, 33]. In addition, we also investigated whether SES,
BMI and WHR influence the admixture associated risks for
diabetes in this large study.

Methods

Study participants The WHI is the largest US health study in
a multiethnic group of postmenopausal women aged 50-
79 years, and consists of four randomised controlled clinical
trials and an observational study. This study involves 40
clinical centres and recruited over 160,000 women between
1993 and 1998. Detailed descriptions of theWHI are available
[34–36]. The current study included 16,476 self-identified
AFA and HAWHI women for whom both quality-filter gen-
otypes [19] and diabetes information were available. The
study was conducted with appropriated informed consent
and in agreement with established Human Institutional Re-
view Board procedures.

Outcomes We considered a time-to-event outcome which
was time-to-diabetes for diabetic participants and censoring
time for non-diabetic participants as of September 2005. A
participant was diabetic if she had been treated for diabetes
at baseline or during follow-up as of September 2005. A
woman had diabetes at baseline if she reported at study entry
that she had received a physician diagnosis of sugar diabetes
when not pregnant and received glucose-lowering medications.
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Age range when a participant was first told to have non-
pregnancy-related diabetes was reported as <21, 21–29, 30–
39, 40–49, 50–59, 60–69 or 70 years or older. We used the
middle point of the corresponding age ranges (e.g. 45 for the
range 40–49) as time to event for the participants with baseline
diabetes. Participants had diabetes during follow-up if they
reported a new physician diagnosis of diabetes treated with
glucose-lowering agents. Assuming birth as time 0, time to
diabetes was considered as the event time for participants with
diabetes, and for participants who did not have diabetes as of
September 2005, their last time of follow-up or death time was
the censoring time.

AIMs The AIMs were chosen based on our previous studies
[32, 33]. The final marker set included 92 single-nucleotide
polymorphisms (SNPs) that demonstrated large differences in
allele frequency between ancestral populations from Europe,
sub-Saharan Africa and the Americas. This SNP set shows a
mean 90% Bayesian confidence limit of 0.2 for admixture
assessment in our studies of groups of AFAs, Mexican-
Americans and Puerto Ricans [32].While the mean confidence
limits are larger in smaller AIM sets compared with larger sets
of AIMs (the mean 90% confidence limits ~0.1 for sets con-
taining >1,500 AIMs), the admixture proportions estimated in
individuals assessed with these highly selected AIMs [32] are
strongly correlated with larger AIMs sets. Correlations with
larger sets of SNPAIMs (>500 SNPs) are >0.9 in testing with
tested Mexican-American and AFA admixed populations
(mean difference in admixture fraction <0.05) (M. F. Seldin,
unpublished data).

Genotyping and admixture assessment Genotyping was per-
formed as previously described [19] using the TaqMan
OpenArrays system (Life Technologies/Applied Biosys-
tems, Foster City, CA, USA). The mean call rate for the
included women was 97.1%. All AIM SNPs were in Hardy–
Weinberg equilibrium (p>0.005) in parental populations.

AFR, AMI and EUR contribution to each self-identified
AFA or HAwoman was examined using STRUCTURE anal-
yses of genotyping results with AIMs as previously described
[32, 33]. We considered three groups separately: All (all self-
identified AFA and HA participants); whole AFA (all self-
identified AFA participants); and HA (self-identified HA par-
ticipants). For each group, representatives of three parental
populations (AFR, AMI and EUR) were considered for anal-
yses under the assumption of three populations (K03). For
whole AFA, to minimise potential database or laboratory
errors that cause miss-assignment, we further excluded ex-
treme outliers and re-evaluated the subgroup with >20% AFR
and <5% AMI admixture under the assumption of two paren-
tal populations (K02) where the contribution of AFR and
EUR was considered. The samples used to represent the pa-
rental population groups included: 128 European-Americans

from the New York Cancer Project and 60 Centre d'Etude du
Polymorphisme Humain Europeans (CEU) for EUR; 56 Yo-
ruban African, 19 Bini West African and 23 Kanuri West
African for AFR; and 50 Mayan Amerindians, 26 Quechuan
Amerindians and 29 Nahua Amerindians for AMI as previ-
ously described [32]. For each analysis, we conducted three
independent runs using STRUCTURE v2.3.3 [37, 38] and
prior parental population assignment, with 100,000 replicates
and 100,000 burn-in cycles. The results were consistent with
<0.02 difference between each of the independent runs.

SES and other covariates SES was obtained using a stand-
ardised geocoding protocol [39, 40], which linked individual
WHI observational study and clinical trial participant
addresses to year 2000 US Census Federal Information Pro-
cessing Standards (FIPS) codes and tract-level socioeconomic
data. A summarymeasure of each participant's neighbourhood
socioeconomic environment was estimated from the tract-
level data using six variables representing several dimensions
of wealth and income: (1) natural log of median household
income; (2) natural log of median value of housing units; (3)
percentage of households receiving interest, dividend or net
rental income; (4) percentage of adults >25 years of age who
had completed high school; (5) percentage of adults >25 years
of age who had completed college; and (6) percentage of
employed persons >16 years of age in executive, managerial
or professional specialty occupations. The six variables were
converted into standardised (z) scores by subtracting the
population-specific mean from the value associated with each
participant's census tract and then dividing the difference by
the population-specific SD. The transformation was per-
formed separately within the observational study and clinical
trial and generated six z scores, each of which indicated the
deviation of the tract-level value from the corresponding
population-specific mean and summed to 0 across the popu-
lation. A neighbourhood summary z score was then con-
structed by summing the six z scores. As we aimed at
controlling for neighbourhood SES among combined popula-
tions of both the observational study and clinical trial partic-
ipants we included an indicator for study cohort in the
regression analyses.

Entry age, BMI and WHR were determined from baseline
WHI data. Weight was measured to the nearest 0.1 kg on a
balance beam scale. Height was measured to the nearest
0.1 cm using a wall-mounted stadiometer. Waist and hip
circumferences were measured at baseline using standard tape
measures. BMI was calculated as weight (kg) divided by the
square of measured height (m2). WHR was computed as the
ratio of waist circumference (cm) to hip circumference (cm).

Statistical analysis Analyses were performed separately in the
following groups: All (all self-identified AFA and HA partic-
ipants), AFA (self-identified AFA participants with >20%AFR
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and <5% AMI admixture) and HA (self-identified HA partic-
ipants). Descriptive statistics are provided in Table 1. As SES
was calculated separately for observational study and clinical
trial participants, the values of SES were normalised to be
between 0 and 1 for descriptive statistics. Two sample t tests
were used to assess the mean differences of these variables
between the two groups of participants. Pearson correlation
coefficients were obtained to examine the pairwise correlation
between each of the admixture proportion, SES, BMI and
WHR.

HRs and 95% CIs for diabetes risk in relation to admix-
ture were estimated using Cox regression models [41] in
which time-to-diabetes or time-to-censoring was the out-
come variable. The HR is the ratio of the hazard rates of
two groups with one unit difference in the independent
variable and is estimated by the exponential of the coeffi-
cient estimate of this variable in the model. For All and HA
groups, AFR, EUR and AMI admixtures were considered in
separate models; for the AFA group, only AFR admixture
was considered because this group only contained AFR and
EUR admixtures, and the results for EUR mirror those for
AFR. We considered models adjusting for: (1) entry age
alone; and (2) entry age, SES and the indicator variable for
population (clinical trial or observational study). We con-
ducted analyses with and without controlling for BMI or
WHR in the Cox model as adiposity measures are expected
to be intermediate outcomes of admixture and thus inclusion
of these measures in the Cox regression models may dimin-
ish the admixture–diabetes association. For all Cox models,
SES, BMI and WHR were standardised to one SD based on
the distribution of each group (All, AFA and HA) for

analysis. This method enables direct comparison of esti-
mates across these variables, and the estimated HRs corre-
spond to the effects of one SD change in the variables.

We also investigated the associations between SES and
diabetes risk with and without controlling for admixture,
and the associations between BMI (and WHR) and diabetes
risk with and without including SES and admixture in the
Cox models. All these models include entry age. We esti-
mated the percentage of explained randomness, analogous
to explained variation for the Cox model, according to
O’Quigley et al. [42].

A sensitivity analysis was performed to assess the amount
of loss of information associated with using the midpoint of
the age ranges for women who had diabetes at baseline.
Almost identical results to those that used the midpoint were
obtained when, for each of these women, a randomly chosen
value from her age range was used as time to diabetes,
suggesting minimal loss of information associated with using
the midpoint.

Analyses were carried out using SAS version 9.2 (SAS
Institute, Cary, NC USA) and R (www.r-project.org/). All
statistical tests were two-sided and p<0.05 was considered
statistically significant.

Results

Descriptive statistics of entry age, BMI,WHR and SES Among
16,476 AFA and HAwomen, 3,439 women had diabetes by
September 2005. The average age of first occurrence of
diabetes was 58.9 years (SEM00.19) for the diabetic women.

Table 1 Descriptive statistics of
variables by diabetes status

aThe groups included all self-
identified AFAs and HAs (All),
self-identified AFAs with >0.2
AFR admixture and <0.05 AMI
(AFA) and self-identified HAs
(HA)
bp values were obtained from
two-sample t tests
cSES normalised to have values
between 0 and 1

Groupa Non-diabetic Diabetic p valueb

Sample size Mean SEM Sample size Mean SEM

Entry age

All 13,037 61.0 0.062 3,439 61.8 0.117 2.0×10−8

AFA 8,238 61.5 0.079 2,415 62.2 0.140 3.4×10−5

HA 4,169 60.1 0.105 811 60.7 0.238 2.2×10−2

BMI

All 13,037 29.8 0.053 3,439 32.9 0.112 5.8×10−134

AFA 8,238 30.4 0.069 2,415 33.4 0.136 1.2×10−78

HA 4,169 28.4 0.082 811 31.6 0.211 7.1×10−42

WHR

All 13,037 0.81 0.001 3,439 0.86 0.001 3.5×10−242

AFA 8,238 0.81 0.001 2,415 0.86 0.002 1.2×10−157

HA 4,169 0.81 0.001 811 0.86 0.003 1.5×10−73

SESc

All 13,037 0.59 0.001 3,439 0.55 0.002 1.9×10−50

AFA 8,238 0.58 0.001 2,415 0.55 0.002 5.7×10−23

HA 4,169 0.60 0.002 811 0.55 0.005 5.6×10−24
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For non-diabetic women, the average age at last follow-up or
death was 68.5 years (SEM00.06). Table 1 presents the
summary statistics by diabetes status for the study partici-
pants. Admixture proportions are not included in the summary
data in compliance with the current WHI policy. The WHI
rationale for the policy is to avoid release of information that is
viewed as sensitive by many participants and was not
specifically addressed in the consent form. In each
group, entry age, BMI and WHR were significantly
higher among the diabetic participants than among the
non-diabetic participants (p<0.0001) while SES was
significantly lower among the diabetic participants than
among the non-diabetic participants (p<0.0001). For
AFA and HA women, pairwise correlations were also
obtained between each of the admixture proportions,
SES, BMI and WHR (electronic supplementary material
[ESM] Table 1). In AFAs, SES had negative correlations with
AFR, BMI and WHR; AFR had positive correlations with
BMI andWHR and its correlation with BMIwas stronger than
that with WHR. In HAs, SES had negative correlations with
AFR, AMI, BMI and WHR while it had a positive correlation
with EUR; EUR also had negative correlations with BMI and
WHR while AMI had positive correlations with BMI and
WHR, and its correlation with WHR was stronger than that
with BMI. All correlations were significant (p<0.05) except
for the correlations between AFR and BMI/WHR in HAs.

Association between admixture and diabetes risk Cox re-
gression analyses showed significant associations of diabe-
tes risk and admixture (Table 2). In All, where combined
AFA and HA participants were considered, AFR admixture
was positively associated with diabetes risk when adjusting
for entry age (HR 1.82, p<0.0001). This positive associa-
tion remained when further controlling for SES, and when
including BMI or WHR in the models (p<0.0001). In con-
trast, EUR admixture was negatively associated with diabe-
tes risk in all the models (p<0.0001), indicating protective
effects against diabetes. AMI admixture was significantly
associated with diabetes risk in all models except in the
model including entry age, SES and BMI.

In the AFA group, a higher proportion of AFR admixture
increased the diabetes risk when adjusting for entry age (HR
3.08, p<0.0001). After further adjusting for SES, this positive
admixture–diabetes association remained highly significant
albeit with a smaller HR, 2.36. The HR decreased modestly
when BMI or WHR was also included in the Cox model but
remained significant (p<0.0001).

In HAs, where most participants had a substantial propor-
tion of AMI admixture, AFR admixture was not significantly
associated with diabetes risk. However, AMI admixture
showed a significant positive association with diabetes risk,
which remained significant after adjusting for entry age alone,
or with SES, or with SES and BMI. However, the association

between diabetes risk and AMI admixture became non-
significant (HR 1.42, p00.067) when WHR was included in
the Cox model together with entry age and SES, suggesting
that WHR may be a mediator for diabetes among the HA
participants.

We also conducted analyses adjusting for whether a
woman was in the observational study or clinical trial arm
of any WHI clinical trials (data not shown) or excluding
women in an active clinical trial treatment arm. The results
were very similar (ESM Table 2).

Association between SES and diabetes risk adjusting for
admixture SES had a significant negative association with
diabetes risk when adjusting for entry age (HRs range from

Table 2 Survival analysis of the association of admixture with diabe-
tes risk

Groupa Admixtureb Model HR 95% CI p value

All AFR Age 1.82 1.63, 2.04 3.2×10−25

AFR Age, SES 1.64 1.46, 1.83 1.7×10−17

AFR Age, SES, BMI 1.33 1.19, 1.50 9.8×10−7

AFR Age, SES, WHR 1.58 1.41, 1.77 2.0×10−15

EUR Age 0.39 0.33, 0.45 1.3×10−32

EUR Age, SES 0.46 0.39, 0.54 8.9×10−22

EUR Age, SES, BMI 0.59 0.50, 0.69 9.0×10−11

EUR Age, SES, WHR 0.50 0.43, 0.59 3.7×10−17

AMI Age 0.69 0.55, 0.88 1.6×10−3

AMI Age, SES 0.70 0.55, 0.88 2.3×10−3

AMI Age, SES, BMI 0.97 0.77, 1.23 8.2×10−1

AMI Age, SES, WHR 0.64 0.50, 0.80 1.3×10−4

AFA AFR Age 3.08 2.24, 4.24 4.8×10−12

AFR Age, SES 2.36 1.71, 3.27 2.3×10−7

AFR Age, SES, BMI 2.02 1.46, 2.80 2.2×10−5

AFR Age, SES, WHR 2.23 1.61, 3.09 1.5×10−6

HA AFR Age 1.11 0.64, 1.92 7.2×10−1

AFR Age, SES 0.91 0.53, 1.59 7.5×10−1

AFR Age, SES, BMI 0.84 0.48, 1.48 5.6×10−1

AFR Age, SES, WHR 0.98 0.57, 1.68 9.3×10−1

EUR Age 0.40 0.28, 0.57 5.1×10−7

EUR Age, SES 0.54 0.37, 0.77 8.4×10−4

EUR Age, SES, BMI 0.54 0.37, 0.78 1.0×10−3

EUR Age, SES, WHR 0.71 0.49, 1.04 7.7×10−2

AMI Age 2.50 1.74, 3.60 8.8×10−7

AMI Age, SES 1.97 1.36, 2.84 3.1×10−4

AMI Age, SES, BMI 2.03 1.40, 2.95 1.9×10−4

AMI Age, SES, WHR 1.42 0.97, 2.06 6.7×10−2

SES, BMI and WHR were divided by their SDs
a Groups are defined as noted in the footnote to Table 1
b The AFR, AMI or EUR admixture was used as the covariate of
interest in separate models, adjusting for the variables listed in each
model: age (entry age), SES and BMI or WHR
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0.69 to 0.82, p<0.0001) (Table 3). This association remained
significant when further adjusting for admixture in all three
groups (HRs range from 0.69 to 0.84, p<0.0001), suggesting
that SES has an independent contribution to diabetes risk.

Association between BMI/WHR and diabetes risk adjusting
for admixture Both BMI and WHR were significantly asso-
ciated with diabetes risk when adjusting for entry age in the
All, AFA and HA groups (HRs range from 1.46 to 1.61 for
BMI, and 1.64 to 1.68 for WHR, p<0.0001) (Table 4). These
associations were similar when further adjusting for admixture
and SES in all three groups (HRs range from 1.42 to 1.56 for
BMI and 1.63 to 1.69 forWHR in variousmodels, p<0.0001),
suggesting an independent contribution of BMI or WHR to
diabetes risk in these groups.

Discussion

In this study, we show an association between type 2 diabe-
tes and AFR admixture proportion in AFAwomen, with and
without taking SES and/or adiposity measures (BMI or
WHR) into account. Our results showing a positive associ-
ation between AFR admixture and diabetes risk are consis-
tent with findings from a recent study of AFA women with
diabetes and end-stage renal disease [20]. Importantly, our
study features a much larger sample size, is restricted to
adult postmenopausal women, is not limited to diabetic
individuals with end-stage renal disease and includes a
measure of SES. We also found that AMI admixture had
significant positive associations with diabetes risk in HA
women, with and without adjusting for SES and/or BMI. A
study of 561 men and women in Mexico City also reported a

positive association between AMI admixture and diabetes
(OR 1.6), adjusting for age, sex, BMI and education, but it
did not reach statistical significance (95% CI 0.6, 4.3),
which might be due to the limited sample size [16].

In our study, AFR admixture was not significantly associ-
ated with diabetes risk among the HAwomen, which may be
due to the rather lowAFA contribution in thisWHI population
group. EUR admixture appeared to have a protective effect
against diabetes risk in the Hispanic group, with and without
adjusting for SES and/or BMI. The results are consistent with
the findings from a recent case–control study by Florez et al.
[15] for Latinos in Mexico, but are different from their find-
ings for Latinos in Colombia. This study found that EUR
admixture was associated with lower diabetes risk in Mexi-
cans (OR 0.17, p00.02), after adjusting for SES and BMI
while the association was not significant in Colombians (OR
0.64, p00.46) [15]. Compared with these studies of Hispanics
[15, 16], our study is population based, has a much larger
sample size, is restricted to postmenopausal women living in
the USA and also uses a different measure of SES.

The current study shows that while admixture associa-
tions remained significant the effect was smaller (decreased
HR) after adjusting for SES. This is similar to previous
studies in Hispanic population groups [21–24, 26, 27] that
suggest that SES can confound the interpretation of admix-
ture analyses. Although it is not possible to be sure that our
or other measurements of SES capture all psychosocial
confounders, we believe our study suggests that the contri-
bution of the genetic admixture to diabetes risk is partially
independent of these other factors. However, we also note

Table 3 Survival analysis of the association of SES with diabetes risk

Groupa Model HR 95% CI p value

All Age 0.78 0.75, 0.80 2.9×10−46

Age, AFR 0.79 0.76, 0.81 7.8×10−39

Age, EUR 0.80 0.77, 0.83 3.1×10−35

Age, AMI 0.77 0.75, 0.80 3.1×10−46

AFA Age 0.82 0.79, 0.85 2.8×10−21

Age, AFR 0.84 0.80, 0.87 1.4×10−16

HA Age 0.69 0.65, 0.74 1.2×10−23

Age, AFR 0.69 0.64, 0.74 1.3×10−23

Age, EUR 0.71 0.66, 0.76 1.2×10−20

Age, AMI 0.70 0.66, 0.76 3.0×10−21

SES was used as the covariate of interest in the models, adjusting for
age (entry age), and each of the genetic admixtures: AFR, EUR or AMI
separately

SES was divided by its SD
aGroups are defined as noted in the footnote to Table 1

Table 4 Survival analysis of the association of BMI and WHR with
diabetes risk

Groupa Model BMIb WHRb

HR 95% CI HR 95% CI

All Age 1.50 1.46, 1.55 1.68 1.63, 1.72

Age, SES, AFR 1.45 1.40, 1.49 1.67 1.62, 1.72

Age, SES, EUR 1.44 1.40, 1.49 1.67 1.62, 1.71

Age, SES, AMI 1.46 1.42, 1.51 1.68 1.63, 1.72

AFA Age 1.46 1.40, 1.51 1.64 1.58, 1.70

Age, SES, AFR 1.42 1.37, 1.48 1.63 1.58, 1.69

HA Age 1.61 1.52, 1.71 1.68 1.60, 1.75

Age, SES, AFR 1.55 1.46, 1.65 1.69 1.61, 1.77

Age, SES, EUR 1.55 1.46, 1.65 1.68 1.60, 1.77

Age, SES, AMI 1.56 1.47, 1.65 1.68 1.60, 1.77

SES, BMI and WHR were divided by their SDs
a Groups are defined as noted in the footnote to Table 1
b BMI or WHR was used as the covariate of interest in the models,
adjusting for age (entry age), SES and each of the genetic admixtures:
AFR, EUR or AMI separately

All p values <1.0×10−40
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that more of the explained randomness (analogous to explained
variation) can be attributed to measures of adiposity and SES
than admixture in AFA and HA women: BMI (12.7% and
18.9%, respectively), WHR (21.3% and 26.3%, respectively),
SES (3.4% and 9.6%, respectively) and admixture (1.8% and
2.3%, respectively).

Our study has important limitations. In the current study,
individuals were classified as diabetic and non-diabetic by
self-reported treatment with glucose-lowering medications
or physician diagnoses of diabetes in the absence of preg-
nancy. While glucose measurements or insulin/insulin resis-
tance was not available for the current study, previous WHI
studies have validated this method [43]. Additional studies
will be necessary to determine if insulin resistance itself or
diabetic endophenotypes are also associated with admixture.
Another limitation is our use of entry data for assessing
BMI, WHR and SES. Ideally, it would be useful to have
longitudinal information for these factors (not available for
the majority of these participants) to more accurately assess
the effect of these variables as both risk factors and cova-
riates in the models tested.

Consistent with previous studies [15], SES was inversely
associated with diabetes risk in our study. Moreover, we also
found that adjusting for admixture had little effect on this
association. Unravelling the complex relationships of ad-
mixture, socioeconomic factors and type 2 diabetes is chal-
lenging. Low SES can increase diabetes risk via various
mechanisms including poor access to healthcare, neglect of
preventive strategies or unhealthy diet [1, 44]. In popula-
tions where low SES is highly correlated to ancestral back-
ground, SES could be an intermediate factor on the pathway
of admixture and diabetes.

Previous studies have shown elevated diabetes preva-
lence among AFAs and HAs compared with EAs, even after
accounting for adiposity [1, 44–46]. Our results on genetic
admixture are generally in accordance with these studies.
Moreover, it is interesting to note in our study that in AFAs
the HR for AFR admixture reduced from 2.36 (when adjust-
ing for entry age and SES) to 2.02 when further adjusting for
BMI, while it had smaller reduction (to 2.23) when adjust-
ing for WHR instead of BMI. In contrast, in the HA group,
in which most participants have higher AMI admixture, the
HRs for AMI admixture were almost the same before and
after adjusting for BMI (1.97 vs 2.03) while the HR reduced
to 1.42 and the association became non-significant when
adjusting for WHR. This might be because AFR admixture
is highly associated with BMI but has no association with
WHR among AFA, while in HA, AMI admixture is signif-
icantly associated with WHR but not with BMI, as shown in
our previous study of admixture and adiposity [19]. A
possible explanation is that ethnic differences exist in vis-
ceral adipose tissue and, based on computed tomography
scans, AFAs have less visceral fat than other self-reported

ethnic groups [47]. Hence, although WHR is not correlated
with AFR admixture among AFAs, WHR appears to be an
important adiposity measure in populations with substantial
AMI admixture. We believe it is likely that WHR is also a
mediator of the admixture association with diabetes risk in
HAs, which would in part account for the large effect of
WHR in the AMI association model in HAs (Table 2).

We also investigated the association of adiposity with
diabetes risk accounting for genetic admixture. Higher
BMI was associated with a greater risk for diabetes in both
AFA and HA women, before and after adjusting for genetic
admixture and SES. Similar results were observed for WHR.
Although longitudinal adiposity measurements prior to
study entry (i.e. before the age of 50) were not available,
the association of adiposity with diabetes risk suggests that
adiposity has an independent contribution to the develop-
ment of diabetes apart from SES and genetic admixture. We
also considered both BMI and WHR together in the same
analysis and the results suggest that each partially contributes
independently to diabetes risk (ESM Table 3).

In conclusion, we found a significant association between
AFR admixture and diabetes risk in AFA women and AMI
admixture and diabetes risk in HA women. Our data are
consistent with previous findings that even within a single
population of mixed ancestry, disease risk can vary with
admixture. Although we cannot exclude that other factors
including insulin resistance and diet may underlie or interact
with genetic differences, the data provide additional support to
the hypothesis that differences in ethnic origins are critical to
aetiological studies. Our results also suggest that admixture
mapping may be a useful method for identifying loci under-
lying this complex disease and that admixture should also be
considered in evaluating therapeutic intervention. In accord
with previous studies, our data also show that SES and adi-
posity measures including BMI and WHR are important risk
factors for diabetes development. Further controlling for ge-
netic admixture did not change these associations. Thus, de-
spite the complex interplay between genetic admixture, SES,
BMI and WHR on diabetes, each of these independently
attributes to diabetes risk after accounting for the other factors.
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