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Abstract Risk of systemic lupus erythematosus (SLE) is
higher in people of west African descent than in Euro-
peans. The objective of this study was to distinguish be-
tween genetic and environmental explanations for this
ethnic difference by examining the relationship of disease
risk to individual admixture (defined as the proportion of
the genome that is of west African ancestry); 124 cases of
SLE and 219 matched controls resident in Trinidad were
studied. Analysis of admixture was restricted to 52 cases
and 107 controls who reported no Indian or Chinese an-
cestry. These individuals were typed with a panel of 26
single-nucleotide polymorphisms and five insertion/dele-
tion polymorphisms chosen to have large allele frequency
differentials between west African, European and Native
American populations. A Bayesian model for population
admixture, individual admixture and locus ancestry was
fitted by Markov chain simulation. Mean west African ad-
mixture (M) was 0.81 in cases and 0.74 in controls
(P=0.01). The risk ratio for SLE associated with unit
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change in M was estimated as 32.5 with a 95% confidence
interval (CI) of 2.0-518. Adjustment for measures of so-
cioeconomic status (household amenities in childhood
and years of education) altered this risk ratio only slightly
(adjusted risk ratio: 28.4, 95% CI 1.7-485). These results
support an additive genetic model for the ethnic differ-
ence in risk of SLE between west Africans and Euro-
peans, rather than an environmental explanation or an
“overdominant” model in which risk is higher in het-
erozygous than in homozygous individuals. This conclu-
sion lays a basis for localizing the genes underlying this
ethnic difference in risk of SLE by admixture mapping.

Introduction

Systemic lupus erythematosus (SLE) is an auto-immune
disease involving multiple organ systems and affects women
approximately ten times as frequently as men. Prevalence
in African-Americans and in people of west African de-
scent who have migrated from the Caribbean to Europe
has been reported to be six to eight times higher than in
people of European descent living in the same countries
(Fessel 1974; Hopkinson et al. 1994; Johnson et al. 1995;
Nossent 1992). A recent study in England has shown that
risk of SLE is high both in first-generation migrants from
west Africa and in second-generation people of African
Caribbean origin (Molokhia et al. 2001). The consistency
with which increased risk of SLE has been reported in
people of west African descent settled in different regions
of the world, and the similarity of risk in recent migrants
to risk in people settled overseas for many generations are
consistent with a genetic explanation for this ethnic differ-
ence in risk. As SLE has been reported to be rare in west
Africa itself (Greenwood 1968), environmental explana-
tions cannot be excluded. There have been reports that risk
of SLE is also high in people of Chinese and Indian de-
scent (Catalano and Hoffmeier 1989; Frank 1979; Serdula
and Rhoads 1979; Wang et al. 1997; Samanta et al. 1992).

Two main types of genetic explanation for the ethnic
difference in risk can be hypothesized. For simplicity, we
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outline these explanations based on a two-allele single lo-
cus model, although the same general principles would
apply to models in which more than one locus or more
than two alleles contribute to the ethnic difference in risk.
The simplest type of genetic explanation is a model in
which risk increases with the number of copies of the
high-risk allele at the disease locus, and the frequency of
the high-risk allele is higher in west Africans than in Eu-
ropeans. We denote this as an “additive” model, in that
additive effects would account for most of the genetic
variance in risk. An alternative type of genetic explana-
tion for the increased susceptibility to SLE in African-
American and African Caribbean populations compared
with European is a model in which risk is higher in indi-
viduals who are heterozygous at the disease locus than in
individuals with either of the two homozygous genotypes,
and different alleles are fixed in west African and Euro-
pean populations. Under this model, risk would be higher
in individuals of mixed European and west African de-
scent than in either of the two ancestral populations, and
highest of all in individuals with one African and one Eu-
ropean parent, because all such individuals would be het-
erozygous at the disease locus. We denote this as an
“overdominant” model, in that dominance variance would
account for most of the genetic variance in risk. Such a
model has experimental support: the F1 offspring of a
cross between two inbred strains of mice are more sus-
ceptible to lupus than either of the two parental strains
(Theofilopoulos and Dixon 1985; Vyse and Kotzin 1998).

The most direct way to distinguish between environ-
mental and genetic models for an ethnic difference in dis-
ease risk is to study the relationship of disease risk to in-
dividual admixture (Chakraborty and Weiss 1986). We
define individual admixture (for the purposes of this
study) as the proportion of the individual’s genome that is
of African ancestry. From each of the three hypotheses
outlined above to explain the observed ethnic difference
in risk of SLE, environmental, additive genetic model, or
overdominant genetic model, we can make a specific pre-
diction. If the ethnic difference in risk has an environmen-
tal explanation, we predict no relationship between dis-
ease risk and individual admixture, after controlling for
likely confounders such as socioeconomic status. Under
an additive genetic model, we predict a linear relationship
of disease risk to individual admixture, which would per-
sist after controlling for any environmental confounders.
Under an overdominant genetic model, we predict an in-
verse U-shaped relationship of disease risk to admixture
and a positive relationship of disease risk to heterozygos-
ity of ancestry (the proportion of an individual’s genome
at which there is one gene copy of African ancestry and
one of non-African ancestry). The objective of this study
has been to distinguish between the three hypotheses (en-
vironmental risk factor, additive genetic model, or over-
dominant genetic model) for the increased susceptibility
to SLE in African-American and African Caribbean peo-
ple compared with people of European descent by study-
ing the relationship of disease risk to admixture in the is-
land of Trinidad.
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Subjects and methods

Population history

The original inhabitants of Trinidad were Carib and Sarawak Na-
tive Americans. Their descendants are now almost entirely ad-
mixed with Europeans and west Africans. Although the first land-
ing by Europeans was in 1498, the first Spanish settlement was not
established until 1592 and large-scale settlement did not begin un-
til 1783, when a Spanish decree encouraged Catholic (predomi-
nantly French) settlers to bring slaves and establish plantations.
During the Napoleonic wars, the island was conquered by the
British who, after ending African slavery in 1838, brought large
numbers of labourers from India to work on the plantations. Over
the last century, there has been further migration from China, from
the eastern Mediterranean, and from neighbouring Caribbean is-
lands. Until the last two generations, there has been very little ad-
mixture of Indian and Chinese people with the African population.
In Trinidad, about 40% of the population classify their ethnic ori-
gin as African, 40% as Indian and 15% as mixed (Central Statisti-
cal Office Trinidad and Tobago 1992).

Study design

As SLE is a rare disease even in high-risk African Caribbean pop-
ulations (prevalence about 2 per 1000 adult women), a case-con-
trol study is the most efficient design to estimate the relationship
of risk to individual admixture. For this study, a target sample size
of 120 cases and 240 controls was set, giving 90% power to detect
at 5% significance a risk ratio of 2.5 between any two tertiles of
admixture. As the objective was to study possible explanations for
the west African/European difference in risk of SLE, rather than to
study the effects of admixture with other high risk groups such as
Indians and Chinese, the inclusion criteria for cases and controls
were designed to restrict the sample to individuals without Indian
or Chinese ancestry. Cases and controls were eligible to be in-
cluded if they were resident in northern Trinidad (excluding the
southern part of the island where Indians are in the majority) and
they had Christian (rather than Hindu, Muslim or Chinese) first
names. Genealogical data was also collected by questionnaire, ob-
taining parental and grandparental country of origin and reported
ethnicity.

Case ascertainment and sampling of controls

We attempted to ascertain all surviving cases of SLE among adults
resident in northern Trinidad. All physicians specializing in rheuma-
tology, nephrology and dermatology at the two main public hospi-
tals in northern Trinidad were approached and asked to provide a
list of all patients with SLE seen at their out-patient clinics. A reg-
ister of cases seen since 1992 at the main dermatology clinic was
available. This was supplemented with a systematic search of out-
patient records at the two hospitals, hospital laboratory test results
positive for auto-antibodies (anti-nuclear or anti-double-stranded
DNA antibody titre >1:256) and histological reports of skin biopsy
examination consistent with SLE. Cases were also identified through
the Lupus Society of Trinidad and Tobago, which circulated its
members with information about the study; 90% of patients ascer-
tained through the Society were also identified through one of the
two main public hospitals.

Cases of SLE identified by these means were telephoned where
possible and invited to participate in the study. Where telephones
were not available, invitations to take part in the study were deliv-
ered to the patient’s home address and these addresses were visited
by the field team. For each case, randomly chosen households in
the same neighbourhood were sampled by the field team to obtain
(where possible) two controls, matched with the case for sex and
for 20-year age group. Strict matching for age is unnecessary
where (as in this study) any residual confounding by age can be



312

adjusted for in the analysis. The exclusion criteria (based on first
names) were the same for controls as for cases.

Collection of samples and clinical data

Cases and controls were interviewed at home or in the project of-
fice by using a questionnaire that included demographic items, so-
cioeconomic indices in childhood and adult life, ancestry of each
grandparent, birth order, medical history and reproductive history.
As a proxy measure of socioeconomic status and possible exposure
to infection in childhood, items were included regarding household
amenities (running water, sanitation) when the participant was
aged 12 years. The case definition of SLE was based on American
Rheumatism Association (ARA) criteria (Tan et al. 1982), applied
to medical records (which were available for more than 90% of
cases), and to the medical history given by the patient in the ques-
tionnaire. Informed consent for blood sampling and the use of the
sample for genetic studies including estimation of admixture was
obtained from each participant.

Initial case ascertainment identified 264 possible cases of SLE.
Of these, 72 (27%) were excluded either on the basis of their
names or because their medical history did not meet ARA criteria
for the diagnosis of SLE. Of the remaining 192 individuals, 54 had
incomplete addresses or were not resident in northern Trinidad,

Table 1 Marker loci

four were too ill to be interviewed, eight were aged less than 18
years and two refused to participate. For 80% (99/124) of cases,
two matched controls were obtained: the response rate from those
invited to participate as controls was 70%. The total sample con-
sisted of 124 cases and 219 controls aged over 20 years who com-
pleted the questionnaire. Blood samples were obtained from 122
cases and 219 controls and DNA was successfully extracted from
93% (317/341) of these.

Markers used for estimation of individual admixture

For estimation of two-way admixture, the information content for
ancestry of a marker locus can be measured by the f-value or
Wahlund variance (McKeigue 1998) as defined in the Appendix;
[f-values lie between 0 (no information about ancestry) and 1 (fully
informative for ancestry). Calculations based on a large-sample
variance of the maximum-likelihood estimator show that to esti-
mate two-way individual admixture with a standard error of no
more than 0.1, approximately 40 markers with average f-values of
0.40 are required. The markers used in this study were identified
from various sources, including published reports of polymor-
phisms that showed extreme variation of allele frequencies be-
tween human populations, and screening the 1494 single-nucleo-
tide polymorphisms (SNPs) included on the HuSNP chip (Affy-

Locus Chromo- Distance from last marker (cM) Allele frequencies Marker information content f
(by position) somal
band Poly- Allele West European Native fAfr-Bur fEur-NAm
morphism African American
MID-187 1p32 /D I 0.759 0.388 0.318 0.14 0.01
FY-null 1g923.2 T/C T 0.001 0.998 0.992 0.99 0.00
AT3-Indel 1g25.1 22 /D I 0.858 0.282 0.08 0.34 0.07
WI-11392 1q42.2 0.878 0.433 0.622 0.22 0.04
WI-16857 2plé.1 G/A G 0.751 0.215 0.203 0.29 0.00
WI-11153 3pl2.1 G/C G 0.785 0.133 0.761 0.43 0.40
GC 4q13.3 T/G, C/A IF (T,C) 0.853 0.156 0.323 0.49 0.05
1S (G,0) 0.069 0.607 0.547

SGC30610 5ql1.2 T/A T 0.401 0.255 0.682 0.02 0.18
SGC30055 5q22.1 A/G A 0.054 0.511 0.729 0.26 0.05
WI-17163 5q33.1 40 G/A G 0.054 0.175 0.695 0.04 0.28
WI-9231 7p22.3 C/G C 0.129 0.147 0.517 0.00 0.15
WI-4019 7q21.3 A/G A 0.43 0.306 0.603 0.02 0.09
CYP3A4 7q22.1 2 0.198 0.958 0.953 0.59 0.00
LPL 8p21.3 T/C T 0.971 0.492 0.45 0.29 0.00
WI-11909 9g21.31 G/A G 0.805 0.881 0.218 0.01 0.44
TYR-192 11q14.3 A/C A 0.005 0.449 0.06 0.28 0.20
DRD2-Bcl 1 11g23.2 20 C/T C 0.063 0.144 0.628 0.02 0.25
DRD2-Tag D 11g23.2 0 T/C T 0.118 0.67 0.089 0.32 0.36
APOAI1-Alu 11g23.3 6 Alu+/— Alu+ 0.42 0.925 0.975 0.29 0.01
D11S429 11q13.3 T/C T 0.087 0.516 0.14 0.22 0.16
GNB3_C825T 12p13.31 T/C T 0.795 0.332 0.365 0.22 0.00
RB1 13q14.2 G/A G 0.926 0.315 0.187 0.40 0.02
OCA2 15q12 A/G A 0.115 0.746 0.484 0.41 0.07
WI-14319 15q14 15 C/T C 0.386 0.201 0.696 0.04 0.25
CYP19-E2 15g21.2 20 T/G T 0.34 0.296 0.719 0.00 0.18
PV92-Alu 16g23.3 Alu+/— Alu+ 0.225 0.152 0.776 0.01 0.39
MCI1R-314 16q24.3 G/A 0.59 0.163 0.072 0.19 0.02
WI-7423 17p13.1 T/C T 0 0.476 0.074 0.31 0.20
WI-14867 17p13.2 10 C/T C 0.024 0.472 0.427 0.27 0.00
CKM 19q13.2 A/G A 0.164 0.313 0.858 0.03 0.31
MID-154 20q11.23 1/D I 0.806 0.362 0.439 0.20 0.01




metrix, Santa Clara, USA). Of the 31 markers available for this
study, 21 were informative (f>0.05) for west African/European an-
cestry (mean f-value: 0.34) and 18 were informative for Native
American/European ancestry (mean f-value: 0.22). Details of these
markers including allele frequencies in all parental populations,
DNA sequences, exact positions of SNPs and the polymerase chain
reaction (PCR) primers used are available from the dbSNP database
(http://www.ncbi.nlm.nih.gov/SNP) under the handle PSU-ANTH.
Allele frequencies, estimated from contemporary west African, Eu-
ropean and Native American population samples are given in Table 1.
All markers, except GC (a combination of two SNPs), are biallelic.
Three of the markers are short insertion/deletion polymorphisms,
two are Alu insertions and all others are SNPs. Nine of the 31 mark-
ers are linked to at least one other marker in the set and two are in
the same gene (DRD2). For these two markers, ancestry-specific
haplotype frequencies were estimated by the EM algorithm from
genotypes of unrelated individuals.

SNP markers were scored by a melting-curve assay (McSNP),
in which the target sequence containing the SNP was amplified by
PCR by using a mismatched primer where necessary to create an
artificial restriction site polymorphism. PCR products were di-
gested with a restriction enzyme and the resulting restriction frag-
ment length polymorphisms were scored by their melting curves in
a Hybaid DASH machine (Akey et al. 2001). Scoring the triallelic
GC marker required separate digests with Haelll and Styl and
agarose gel electrophoresis in lieu of McSNP. PCR products of the
insertion/deletion polymorphisms were scored without digestion
by a restriction enzyme. Three of the insertion/deletion polymor-
phisms (APOA1, AT3, PV92) and one of the SNPs (RB1) were
scored on gels and the others by McSNP.

Statistical analysis

As allele frequency data were not available for Indians or Chinese
and markers informative for Indian or Chinese ancestry are also not
available, analyses of admixture were restricted to the 159 individu-
als who reported no Indian or Chinese ancestry in their grandparents
and for whom DNA was available. Admixture was modelled with
an extension of the Bayesian statistical model described previously
for studies of two-way admixture in African-American populations
(McKeigue et al. 2000). In comparison with classical approaches for
modelling admixture (Chakraborty 1975), this approach makes it
possible to fit a hierarchical model for population and individual
admixture, to deal adequately with nuisance variables and to allow
for linkage between marker loci. Because the Bayesian estimates of
individual admixture are based on a hierarchical model, they cannot
be directly compared with estimates based on maximizing the like-
lihood independently for each individual. With a large sample size
(more than 100 individuals typed at more than 20 unlinked loci) and
non-informative priors (contributing less information than a single
observation), the posterior mode (or mean, where the posterior dis-
tribution is symmetric) of any variable will closely approximate a
maximum likelihood estimate.

The model specifies, as random variables, the distribution of
parental admixture proportions in the population, the admixture of
each individual’s parents and the ancestry of the maternally de-
rived and paternally derived gene copies at each locus. The proba-
bilities of the observed genotypes, conditional on locus ancestry,
are calculated from the ancestry-specific allele frequencies (or, at
the two loci in the DRD2 gene, from the ancestry-specific haplo-
type frequencies). Each individual’s admixture proportions are cal-
culated as the mean of the parental admixture proportions. Het-
erozygosity of ancestry is defined, for an individual, as the proba-
bility that a locus chosen at random will have one gene copy of
African ancestry and one of non-African ancestry and is calculated
as M(1-M’)+M’(1-M), where M and M’are the proportions of the
paternal and maternal genomes that are of African ancestry. This
probability can vary from O (in an unadmixed individual) to 1 (in
an individual with one African and one non-African parent).

To allow for linkage between marker loci, it is necessary to
model the stochastic variation of ancestry as a function of map dis-
tance on each set of chromosomes inherited from one parent. This
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variation is modelled as a Markov process in which transitions to
new states of ancestry (west African, European or Native Ameri-
can) occur as independent Poisson processes. The intensities of
these three Poisson processes (o, B, y) and the admixture propor-
tions of the parent (M;, M,, M3) are related to each other by the
equations M =0i/s, M,=B/s, M;=Y/s, where s=0+p+Y. For the sum-
of-intensities parameter s, expressed in Morgan~!, a non-informa-
tive gamma prior distribution was assigned.

Two alternative models (discrete and continuous) for the popu-
lation distribution of parental admixture proportions were fitted. In
the discrete model, parental admixture was modelled as a categoric
variable with 153 categories (corresponding to all possible three-
way splits of fractions of 16) and assigned a non-informative
Dirichlet prior distribution for the vector of category probabilities.
In the continuous model, the population distribution of parental ad-
mixture was modelled as a Dirichlet distribution that was assigned
a non-informative prior. The continuous model requires fewer pa-
rameters to specify it but the assumption that the distribution of
parental admixture follows a Dirichlet distribution (which is
smooth and unimodal) may be incorrect in a population where
there has been recent gene flow from unadmixed populations. The
correlation between estimates of individual admixture obtained un-
der these two models was 0.985 and estimates of associations with
SLE were similar with either model. Results presented in this pa-
per are based on the discrete model for admixture.

The posterior distribution of all random variables, conditional
on the observed marker genotypes, was generated by Markov chain
simulation, by using either a general-purpose program for Bayesian
modelling (WinBUGS version 1.3, http://www.mrc-bsu.cam.ac.
uk/bugs/winbugs) or a specially-written program for modelling ad-
mixture (ADMIXMAP, http://www.Ishtm.ac.uk/eph/eu/geneticepi/
ADMIXMAP). Each run consisted of at least 20,000 iterations,
and multiple runs with different starting values were used to check
for adequate mixing of the sampler.

Score tests of various null hypotheses were obtained from the
posterior distribution, as described previously (McKeigue et al.
2000). The method estimates the observed information (curvature
of the log-likelihood function) as the complete information (ex-
pectation of the information over the posterior distribution) minus
the missing information (variance of the score over the posterior
distribution). The ratio of observed to complete information is the
proportion of information extracted. Two types of score test were
constructed for this analysis.

(i) a test for association between SLE and individual admix-
ture. This tests the null hypothesis that f=0, where B is the regres-
sion coefficient for the effect of west African admixture (M) on
risk of SLE in a logistic regression model. The score for the ith in-
dividual is My; ;) and the information is M;? p(;_;), where M; is the
admixture of the /th individual, d; is an indicator variable (0 in con-
trols, 1 in cases) and p; is the probability of being a case given B=0.
The score is summed over all cases and controls.

(ii) an affected-only test for linkage with the ethnic difference
in risk of SLE, as described previously (McKeigue 1998). The
score for each affected individual is the observed proportion of
gene copies that have African ancestry minus the expected propor-
tion given the admixture of that individual’s parents. The score is
summed over all affected individuals.

To estimate the slope of the relationship of SLE risk to indi-
vidual admixture, two different approaches were used.

(i) extending the Bayesian model to include a logistic regres-
sion of SLE risk on individual admixture, specifying non-informa-
tive prior distributions for the regression parameters. This ap-
proach correctly takes into account the uncertainty in estimation of
individual admixture but is laborious when several different mod-
els (with and without covariates) have to be examined.

(ii) using Bayesian estimates of individual admixture in a clas-
sical logistic regression model, fitted by using the Stata7 package
(StataCorp 2001).

Although the original design was based on matching cases and
controls for age, sex and neighbourhood, after exclusion of indi-
viduals with Indian or Chinese ancestry, there were many strata
(neighbourhoods) with no cases or no controls. Unconditional lo-
gistic regression models ignoring the matching in the design were
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Table 2 Summary statistics
for SLE cases and controls
(NS not significant)

therefore fitted. Ignoring matching in a case-control design may
bias estimates of association towards the null value but will not
yield false-positive results (Breslow and Day 1980). When neigh-
bourhoods in the same district were combined into larger strata to
eliminate zero cell entries and conditional logistic regression mod-
els (which take account of matching) were fitted, the estimates of
association were similar (with larger standard errors) to those ob-
tained when matching was ignored.

Results

Comparison of cases and controls

Table 2 compares all 124 cases and 219 controls. The pro-
portion who had grown up in households with running
water (a proxy measure of hygiene and socioeconomic
status in childhood) was significantly lower in cases
(62%) than in controls (73%). Among women, the pro-
portion who reported that they had been pregnant was
lower in cases than in controls (79% versus 92%). The

Factor Cases (n=124)  Controls (n=219) Significance
Mean age (range) 43.8 (21-70) 44.0 (20-77) NS
Female 92% (114/124)  94% (205/219) NS
Indian ancestry in grandparents 45% (56/124) 40% (88/219) NS
Chinese ancestry in grandparents 17% (21/124) 12% (27/219) NS
Mean [SD] birth order 4.0 [2.9] 3.5 [2.6] NS
Household with water supply at age 12 62% (77/124)  74% (162/219)  P=0.02
Completed education after age 16 years 62% (136/219) 65% (81/124) NS
Ever smoker 22 (33%) 44 (67%) NS
Women only:
Ever used oral contraceptives 55% (62/113) 51% (100/198) NS
Ever pregnant 79% (89/113) 92% (188/204) P=0.001
Excluding those with Indian or Chinese ancestry: n=52 n=107
Mean African admixture 0.81 (0.09) 0.74 (0.18) P=0.01
Mean European admixture 0.11 (0.07) 0.16 (0.14) P=0.02
Mean Native American admixture 0.08 (0.03) 0.10 (0.05) NS
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proportion who reported their religious affiliation as
Catholic was higher in cases than in controls (48% versus
36%). The ratio of Catholics to Protestants in the control
group was similar to that estimated for the general popu-
lation of Trinidad in the 1991 census. A follow-up enquiry
of a subsample of cases and controls revealed that about
20% had converted from Catholic to other religious de-
nominations during adult life. Religious affiliation was
not therefore used in the analysis as a proxy marker of de-
mographic background.

Analyses of admixture were restricted to the 159 indi-
viduals who reported no Indian or Chinese ancestry in
their grandparents (Fig. 1). The correlation between marker-
based estimates of African admixture and estimates based
on reported ancestry of grandparents was 0.70 (P<0.001).
Only the marker-based estimates of admixture were used
in subsequent analyses. The mean crossover rate between
African and non-African ancestry was estimated as 2.4
per 100cM, with a 95% confidence interval (CI) of
0.7-7.4. The mean (£SD) proportions of west African ad-

African admixture

Fig.1 Distribution of individual west African admixture esti-
mates in cases (fop) and controls (bottom)

mixture among cases and controls were 0.81+0.09 and
0.74+0.18 (P=0.01). Mean proportions of European ad-
mixture differed in the opposite direction (0.11+£0.07 in
cases and 0.16%0.14 in controls, P=0.02). The mean pro-
portions of Native American admixture did not differ sig-
nificantly between cases and controls (0.08+0.03 and
0.1040.05 respectively, P=0.5). Among controls, several
measures of socioeconomic status were inversely related
to west African admixture. Mean west African admixture
was lower in those who had grown up in households with
running water than in those who had grown up in house-
holds lacking this amenity (0.72 vs 0.80, P=0.05), in those
whose full-time education had continued after the age of
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Table 3 Logistic regression

analyses with case/control sta- Factor Odds rat io aSSOCi{flted 95%Cl
tus as dependent variable, ex- Wlﬂ.] unit chz!nge mn
cluding those with Indian or African admixture
Chinese ancestry Univariate analyses: risk factors examined one at a time,
with age and sex as only other variables in the model
African admixture 32.5 2.0-517
Lived at age 12 in household lacking water supply 2.2 1.14.4
Age completed full-time education® 1.5 0.9-2.4
Multivariate analysis
*Age completed full-time edu- African admixture 28.4 1.7-485
cation coded as: 7 less than Lived at age 12 in household lacking water supply 2.7 1.2-5.8
16 years, 2 16-18 years, 3 more Years of education 2.0 1.1-3.3

than 18 years

16 years than in those who had completed their education
by this age (0.72 vs 0.78, P=0.025) and in those currently
living in households with access to a car compared with
those living in households without a car (0.72 vs 0.78,
P=0.03).

Association of SLE with west African admixture

A score test for association of SLE with west African ad-
mixture, with age and sex as the only covariates, was sig-
nificant at P=0.01. In Bayesian logistic regression models
adjusted for age and sex, the risk ratio associated with unit
change (from O to 1) in the proportion of west African ad-
mixture, adjusted for age and sex, was estimated as 19.1
(95% posterior interval 1.02-256) and the risk ratio asso-
ciated with unit change in heterozygosity of ancestry was
estimated as 0.13 (95% posterior interval 0.01-1.25).

To examine the effect of adjusting for other covariates,
classical logistic regression models were fitted by using
the marker-based estimates of individual admixture from
the Bayesian analysis (Table 3). In an unconditional logis-
tic regression with SLE as a dependent variable, the age-
and sex-adjusted risk ratio associated with unit change in
African admixture was 32.5 (95% CI 2.0-518). Adjust-
ment for measures of socioeconomic status before disease
onset (access to running water in childhood and years of
full-time education) altered this risk ratio only slightly
(adjusted risk ratio: 28.4, 95% CI 1.7-485). In this multi-
variate analysis, lack of access to running water in child-
hood and a longer duration of full-time education were
both significantly and independently associated with in-
creased risk of SLE.

Testing marker loci for linkage with SLE

Each marker locus was tested for linkage to genes under-
lying the increased susceptibility of west Africans to SLE
by using the affected-only score test described previously.
This is equivalent to testing whether the observed propor-
tion of gene copies that have African ancestry at the locus
under study is higher than the expected proportion given
the admixture of each individual’s parents. In this analy-

sis, it is unnecessary to control for covariates, as each af-
fected individual acts as their own control. None of the
loci showed evidence of linkage to genes underlying the
ethnic difference in SLE risk (Table 4). At most loci, the
proportion of information extracted was low and, for two
of the marker loci (WI-9231 and WI-11909), the test sta-
tistic could not be calculated because the observed infor-
mation was zero or negative (implying that the likelihood
function is not log-concave at the null value of the param-
eter). These two markers are informative for Native Amer-
ican versus European ancestry but have very low informa-
tion content for African versus non-African ancestry.

Discussion

The theoretical basis for studying the relationship of dis-
ease risk to individual admixture was set out some years
ago (Chakraborty and Weiss 1986). Under additive, reces-
sive or dominant genetic models, we predict an approxi-
mately linear relation of disease risk to individual admix-
ture and these three types of model cannot easily be dis-
tinguished. The risk ratio associated with unit change in
M should equal the risk ratio observed between popula-
tions living in the same environment. This contrasts with
the predictions from an environmental model (no relation-
ship of disease risk to admixture, after controlling for con-
founders) or an “overdominant” model (inverse U-shaped
relation of disease risk to admixture and positive relation-
ship of disease risk to heterozygosity of ancestry).
Although this approach has been successfully applied
to studying the genetics of hypertension in African-Amer-
ican and African-Caribbean populations by using markers
such as blood groups and protein electrophoresis (Darlu et
al. 1990; MacLean et al. 1974), it has not been widely
used until recently to study other diseases, because it has
not been technically possible to measure the admixture of
individuals even approximately. Even with the 31 ances-
try-informative markers used in this study, the posterior
standard deviations (asymptotically equivalent to standard
errors) in the estimates of individual admixture are large.
The ability to estimate the slope of the relationship be-
tween disease risk and individual admixture also depends
upon studying a population in which admixture propor-
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Table 4 Affected-only tests

for linkage with marker loci Locus Score Qbserve(} Percent . Z P—valup
information information (one-sided)
extracted

MID-187 -0.78 0.08 3% -2.73 0.997
FY-null 1.53 2.19 71% 1.04 0.150
AT3-Indel 1.02 0.89 29% 1.08 0.141
WI-11392 -0.01 0.24 8% -0.03 0.510
WI-16857 -0.75 0.20 7% -1.67 0.953
WI-11153 0.65 0.29 9% 1.20 0.116
GC -0.92 0.77 25% —-1.05 0.852
SGC30610 0.02 0.05 1% 0.10 0.459
SGC30055 0.82 0.83 27% 0.90 0.185
WI-17163 0.77 0.48 15% 1.12 0.131
WI-9231 -0.43 -0.01 0% - -

WI-4019 -0.41 0.66 21% -0.51 0.695
CYP3A4 -0.47 0.89 29% -0.50 0.692
LPL 0.96 0.74 24% 1.11 0.133
WI-11909 -0.62 -0.07 2% - -

TYR-192 0.83 0.48 16% 1.20 0.116
DRD2 0.79 0.87 28% 0.85 0.198
APOAI1-Alu 0.86 0.81 26% 0.96 0.169
D11S429 -0.11 0.22 7% -0.23 0.590
GNB3_C825T -0.54 0.17 6% -1.30 0.903
RBI1 -0.13 0.95 31% -0.13 0.552
OCA2 0.14 0.57 18% 0.18 0.427
WI-14319 0.25 0.14 4% 0.68 0.247
CYP19-E2 0.60 0.16 5% 1.53 0.063
PV92-Alu 0.07 0.12 4% 0.21 0.416
MCIR-314 -0.78 0.16 5% -1.94 0.974
WI-7423 -0.96 0.80 26% -1.07 0.859
WI-14867 -0.45 0.68 22% -0.54 0.707
CKM 0.48 0.39 13% 0.77 0.221
MID-154 0.24 0.33 11% 0.41 0.341

tions vary widely between individuals. The population of
Trinidad meets this requirement, as even when individuals
of Indian or Chinese ancestry are excluded, 19% of indi-
viduals have less than 60% west African admixture, even
though the mean proportion of west African admixture is
0.73. The estimated African/non-African ancestry cross-
over rate of 2.4 per 100 cM suggests that the average time
since admixture between Africans and non-Africans is at
least five generations, consistent with historical evidence.

Studies of admixture in Trinidad are complicated by
five-way admixture between west African, European, Na-
tive American, Indian and Chinese populations. Risk of
SLE has been reported to be higher in people of Chinese
and Indian descent settled overseas than in other ethnic
groups settled in the same countries (Catalano and Hoff-
meier 1989; Frank 1979; Serdula and Rhoads 1979; Wang
et al. 1997; Samanta et al. 1992). This is consistent with
the clinical impression that the risk of SLE is high in In-
dians and in Africans in Trinidad. At present, we are un-
able to model this five-way admixture adequately because
we do not have markers that are informative for Indian
and Chinese ancestry. In Trinidad, the admixture of Chi-
nese and Indians with other groups has been uncommon
until the last two generations. Excluding individuals who

reported Chinese or Indian ancestry in their grandparents
should therefore be sufficient to restrict the study popula-
tion to those with no more than three-way admixture be-
tween Europeans, west Africans and Native Americans.
Application of the same inclusion/exclusion criteria to
cases and controls ensures that both groups are represen-
tative of the same “population at risk”.

In any study of the relationship of disease risk to indi-
vidual admixture, socioeconomic and demographic fac-
tors may confound the association. We controlled for
these possible confounders first by matching cases and
controls for neighbourhood and second by adjusting, in
the analysis, for variables such as household amenities in
childhood and educational status.

The association of SLE with lack of access to piped
water during childhood suggests a possible role for poor
hygiene and exposure to infection in early life. This asso-
ciation is in the opposite direction to what would be pre-
dicted from Greenwood’s 1968 hypothesis that exposure
to parasitic infections in early life protects against autoim-
mune disease in developing countries. In any case, adjust-
ment for this association had little effect on the estimated
slope of the relationship between SLE risk and admixture.
The analysis did not adjust for reproductive history, as dif-



ferences between cases and controls in reproductive his-
tory are likely to be a consequence rather than a cause of
the disease. Women with SLE may avoid becoming preg-
nant because they are ill. Additionally, SLE is associated
with increased risk of early fetal loss caused by antiphos-
pholipid antibodies (Firkin et al 1980); these early fetal
losses may occur before women realize that they are preg-
nant.

Although the score tests for association with admixture
are based on the asymptotic properties of the likelihood in
large samples, the Bayesian estimates, which do not rely
on asymptotic arguments, yield similar results in that the
95% CI for the risk ratio associated with admixture does
not overlap 1. The estimates of the risk ratio were similar
whether estimated in the Bayesian model (which correctly
allows for uncertainty in estimation of individual admix-
ture), in a classical unconditional logistic regression
model (which ignores the matching in the design) or in a
conditional logistic regression model (which takes match-
ing into account).

The relationship between risk of SLE and west African
admixture demonstrated in this study is consistent with an
additive genetic model for the ethnic difference in risk.
We can reject not only a purely environmental explana-
tion, from which we would predict no relation between
risk of SLE and west African admixture, but also an
“overdominant” model as an explanation for this ethnic
difference. For an “overdominant” model to explain the
more than five-fold higher risk of SLE in African-
Caribbean and African-American populations compared
with Europeans, the relationship of disease risk to het-
erozygosity of ancestry would have to be extremely
strong (risk ratio >10), as the predicted heterozygosity of
ancestry in African-American or African-Caribbean pop-
ulations with 20% European admixture is only 32%. From
our results, a risk ratio larger than 1.25 (the upper boundary
of the 95% CI) associated with unit change (from O to 1)
in heterozygosity of ancestry can be excluded.

Although the confidence limits for the slope of this re-
lationship are wide, the estimates are consistent with the
risk ratios of 68 that have been reported in comparisons
between African-American or African Caribbean popula-
tions and people of European ancestry (Fessel 1974; Hop-
kinson et al. 1994; Johnson et al. 1995; Nossent 1992).
This does not exclude a role for environmental factors. In
this study, risk of SLE was strongly associated with lack
of household access to running water in childhood and
this association remained statistically significant after ad-
justing for admixture, suggesting a possible role for expo-
sure to infection in early life.

Exploiting admixture to map genes

Several genetic associations with SLE have been identi-
fied, including associations with genes in the HLA region.
However, even where there are ethnic differences in the
frequencies of high-risk alleles or haplotypes at these loci,
these differences do not account for the observed ethnic
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difference in disease risk between people of west African
and European descent (Molokhia and McKeigue 2000).

Demonstration of a relationship of disease risk to indi-
vidual admixture lays the basis for exploiting admixture
to localize the genes underlying this relationship. If the
number of genes that underlie the effect of admixture is
not too large, the theory of admixture mapping guarantees
that these genes can be localized (McKeigue 1998). For a
rare disease such as lupus, the most efficient approach is a
case-only design, testing for regions of the genome where
the proportion of gene copies that have African ancestry is
higher in cases than expected from their parents’ admix-
ture proportions. In this paper, we have demonstrated the
use of a score test based on this approach. A full admix-
ture mapping study, however, would require a larger sam-
ple of cases, ideally from a population with a lower pro-
portion of west African admixture. For example, to detect
a locus that accounts for a risk ratio of 3 between west
Africans and Europeans by admixture mapping, at least
130 cases with 50% west African admixture would be re-
quired (McKeigue 1998). About twice as many cases are
required where the proportion of west African admixture
in cases is 80% (as in this study) rather than 50%. Ad-
mixture mapping would also require a far denser map of
markers informative for ancestry. With the current marker
set, the test for linkage extracts only a small proportion of
the information potentially available, except in regions
such as 1g23 and 11923 where the analysis uses informa-
tion from two or more linked markers. We cannot there-
fore at this stage determine whether regions in which link-
age to SLE have been previously detected in African-
American populations also show linkage to genes under-
lying the ethnic difference in SLE in this Caribbean popu-
lation.

Simulations indicate that an average marker spacing of
2-3 cM will be required to extract at least 70% of informa-
tion about ancestry when testing for linkage (McKeigue
1998). The accumulation of data on SNP allele frequen-
cies in various ethnic groups will soon make it possible to
select hundreds of additional markers that are informative
for west African, European and Native American ancestry
(Collins-Schramm et al. 2002).
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Appendix
Marker information content for ancestry (f)

We shall consider a haploid population formed by equal
admixture between two populations X and Y. The ances-
try at a marker locus in a randomly chosen haploid genome
can be modelled as a Bernoulli random variable with pa-
rameter !/2. The prior variance of locus ancestry (before
typing) is then Ys. If the marker is informative for ances-
try, the posterior variance of locus ancestry (after typing
the locus) will be less than the prior variance. The marker
information content for ancestry f is defined as

1 — (the expected posterior variance of locus ances-
try/the prior variance of locus ancestry).

For a locus with k alleles and allele frequencies p;x
and p;y
f=1-2 Pix Piy
‘= Pix t+ piy
For a biallelic locus, fis equal to Wahlund’s standardized
variance of allele frequencies, defined as

Ht — Hs

Hr
where Hyp is the heterozygosity of a total population
formed by pooling equal numbers from the two subpopu-

lations, and Hg is the mean heterozygosity of the two sub-
populations.
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