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ABSTRACT  Di of etiology d strate able varia-
tion in their frequencies in different ethnic populati Noninsulin-d dent

diabetes mellitus (NIDDM), rheumatoid arthritis, and several cardiovascular
diseases constitute examples of such disorders. In genetic studies involving
hybrid populations of known ancestry, it is of interest to compare and correlate
disease prevalence with the admixture proportion, the latter estimated from a
pumber of polymorphic genetic markers. Theoretical formulations are pro-
vided relating disease prevalence in a hybrid population to the admixture
proportion under different models of disease transmission. It is shown that the
relationship between admixture proportion and disease frequency provides
discriminatory power regarding the mode of inheritance. This method is illus-
trated with an example comparing the propartion of Amerindian ancestry in
Mexican-Americans and the prevalence of NIDDM. It is found that genetic
factors are involved in susceptibility to NIDDM, but the mode of inheritance
cannot be explained by any simple genetic model, and the role of sporadic

events cannot be totally ruled out.

Populations derived from a common ances-
tral stock exhibit similarities in their allele
frequency structure (Mourant et al., 1976). A
similar phenomenon is also seen in the fre-

ies of di

derstand the role of environmental factors on
such diseases. Steiner (1954) and Haenszel
(1982) provide some review on such materials
in the context of geographic Pathology of can-

q of simple delian in-
beritance (Ramot, 1974; Wagener and
Cavalli-Sforza, 1975; Chakravarti and Chak-
raborty, 1978; Wagener et al., 1978). This is
true in spite of local fluctuations in selection
intensity that sometimes perturb clinal rela-
tionships between the incidence of genetic
disorder and genetic affinity of populations.
Such findings have been the basis for epide-
miological studies of aggregation at the pop-
ulation level (Haenszel, 1982; Lilienfeld and
Lilienfeld, 1982; Chakraborty and Szath-
mary, 1985), indicating the significance of
genetic factors in the etiology of chronic dis-
orders. Nevertheless, it is often not possible
to determine the exact mode of transmission
solely from population association studies.
Nevertheless, several interesting studies on
the effect of migration on the occurrence of
chronic diseases have been carried out to un-
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cer. Hi , MOSt ep ists have used
migration in a rather narrow sense, referring
to the occurrence of disease in the migrants
themselves or in their direct and immediate
descendents. These studies, in general, ex-
amined the effects of changed environments
on essentially unchanged genotypes (to the
extent that a group of migrants represent a
gene pool representative of their homeland).
It ias often difficult to distinguish between
genetic effects and environmental ones in
these studies, because migrants and their
families tend to preserve at least some of
their cultural practices, diet and religion
included.

In the case of genetic epidemiology, it is
the genes themselves and not the bearers of
those genes that are of interest. Thus, it may
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be informative to examine populations with
different amounts of genetic admixture be-
tween source populations with very different
disease risks. To the extent that there is a
gystematic relationship between admixture
and disease occurrence, especially if this re-
lationship resembles theoretical predictions,
one may be able to infer that genes, and not
environments, are mainly involved in causa-
tion of disease.

Furthermore, since almost all contempo-
rary populations are products of past gener-
ations of gene flow, the purpose of this
presentation is to examine the relationship
between the disesse prevalence and the de-
gree of admixture in & population of known
ancestral composition. For diseases with sim-
ple mendelian or polygenic modes of inheri-
tance, we show that the relationship between
digease frequency and the accumulated level
of admixture is quite simple and that the
relationship provides some discriminatory
power for the different modes of inheritance.
Since low expressivity of genes, occurrences
of sporadic cases, and/or environmental fac-
tors often disturb this relationship for com-
plex disorders in an uncertain fashion, we
argue that departures from the predictions of
these models should provide indicators of the
relative importance of nongenetic etiological
factors. It is evident that reliable knowledge
of accumulated admixture in a population is
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freq. (As) = 2puqn = 2{mpy + (1b)

(1 — mipzllmg; + (1 — mge]

and
freq. (as) = [mqy + (1 — mg2l?, (10)

where py, pz. and py are the frequencies of
the A allele in populations I, 11, and H, re.
spectively, and q is the frequency of the a
allele in the respective populations.

Dominant disease

The freq of a dominant genetic dis-

ease ia given by

d=plt+t2pmu=1-q’, @

fori =1, 00, and H.

Using equations la - lc and 2, we may
rewrite the frequency of the disease in the
hybrid population as
dy = 1 —qu? =1~ [mg, +(1 - mgal?

= 2m(1 - m)[1 — V(1 — d;X1 - dy)]

+ m?d, + (1 - m)d, (3a)

Recessive disease
. The frequency of a recessive disease in the

essential for deployment of these analytic
strategies. With data on type II diabetes dia-
betes mellitus (NIDDM) prevalence in popu-
lations of varying degrees of Amerindian
admixture, we show that while the relation-
ship of prevalence to percent Amerindian an-
cestry does not quite agree with the predic-
tion from any particular mendelian model,
nevertheless it is clear that genetic factors
are quite important in the predisposition of
NIDDM.

THE RELATIONSHIP BETWEEN ADMIXTURE AND
DISEASE PREVALENCE

Let H be a hybrid population that consists
of a fraction (m) of its gene pool drawn from
population I and a fraction (1 — m) drawn
from ancestral population II. For a two-al-
lelic locus with genotypes AA, Aa, and aa,
the expected genotypic frequencies in the hy-
brid population (after some generations of
random mating) are given by

freq. (AA) = pi?

(1
= [mp; + (1 — m)py)? @

i-th population, on the other hand, is d; = g
for i = I, I, and H; and the corresponding
relationship becomes

dy = qi = [mq; + (1 — m) go)?
=m?d; + (1 - mPd,

+ 2m(1 - m) vd,dp (3b)

In the simple case where the disease sllele is
fixed in population I but completely absent
in population II (d; = 1, dp = 0), equations
3a and 3b reduce to

dg=1-Q1-m?
for a dominant disease,

(4a)

and
dy = m2, for a recesaive disease. (4b)

Polygenic threshold disease

A poly%em'c threshold disease is usually
modeled by a threshold treatment (Critten-
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den, 1961; Falconer, 1965), a model that as-
sumes a liability factor, X, consisting of the
sum total of two additive components, G and
E. The genotypic value G is composed of ad-
ditive effects of a large number of loci, each
with small impact, and the environmental
value E is composed of a large number of
small, additive environmental contributions.
We assume that E is normally distributed
with mean ug = 0 and variance o,2. Specifi-
cation of the distribution of G depends on the
number of loci underlying disease liability,
the allele frequencies at each locus, and their
allelic effect. If we assume that there are two
alleles (A, and a)) at the j-th locus and that
the allelic effect of A; is &; and that of a; is
2ero, then in the absence of dominance’ef-
fects, traditional quantitative genetic theory
(Falconer, 1960) yields

Mean of G, ug = 2 )13 op;  (6a)

and
Variance of G, o,?
2
=2 ;ujpj(l -p), (6b

where the £ is over all loci (say, N).

In a particular population, since ug = 0O,
the distribution of liability may be approxi-
mated by a normal distribution with

Mean = px = 2 JZ ajp; (6a)

and

Variance = ox = 0g? + 0,2

=2)j3aj2p,-(1 - p) + 02, (6b)

assuming that the number of loci is large
and that G and E are independently distrib-
uted (no gene-environment interaction).

If t denotes the threshold of liability, be-
yond which an individual becomnes affected,
the disease frequency becomes

d=Pr.X >t)

Y
t V2rlog2 + 0g2)

=g

[ 2og? + a..’)]

=1_¢[ﬂx_J
Vo2 + 0.2) |’

()
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where &(z) is the cumulative distribution
function for a standard normal variable, z ~
N(,1).

While pg for a hybrid population may be
written in terms of admixture components
and the corresponding means of populations
Tand I,

pg (D = mpgl) + (1 — m)pg(2), (8)
no such simple relation exists between ﬂgzﬂ'{).
a,41), and 0g"(2). Thus, in the general case,
tge frequency of polygenic threshold disease
(dy) cannot be written as a simple function
of m, dy, and ds alone, except for the cases of
simple dominant and recessive diseases. This
i8 intuitively clear, since an assumption that
g.° = 0 and assigns the threshold value to
either the heterozygote or one of the homo-
Zygous genotypic classes.

For the polygenic model, using the restric-
tive assumptions that g, = 0 and that allele
frequencies and allelic effects at each locus
are the same (p; = p, oj = @), we obtain

ug=2Nap,
and 9

02 =2No?pl - p).

In this case, however, X (= G + E) may not
be normally distributed unless the number
of loci (N) is large and p is intermediate in
frequency. Note that G is the sum total of N
independently distributed trinomial vari-
ables, i.e.,

N
G= Zl Gj, (10)
i
where
0 with probability (1 — p)%, (108}
Gj = | o with probability 2p(1 — p),  (10b)
24 with probability p2. (100)

The probability distribution of G may be
evaluated by the probability generating
function (pgf):

Pr. {G = Ka} = Coefficient of 8% in
[1 - p? +2p(1 — pls + p22N (1D
for any arbitrary s satisfying -1 < s € 1

(Feller, 1967), for K = 0 to 2N.
Alternatively,
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Pr. {G = 2N, + Ngla}

(p2MN1 2pgN2 (@M, (12

N!
~ NjINgINg!

for Ny + Ng + N3 = N,

Equation 12 yields the probability of the
event (G > t], for any fixedt = Ra(0 < R
< 2N), specifying the frequency of a disease
of threshold t. Noting that the expected p
values in a hybrid population can be written
88 py = mp; + (1 - m)py, we may numeri-
cally compute the relationship between dj,
&y, and dy as a function of N, t. and m.

In the hypothetical case, where all A; -al-
leles are fixed in population I and are com-
pletely absent in population II (as is assumed
in deriving equations 4a and 4b), the fre-
quency of disease in the hybrid population is
(with K = 2N; + Np),

N
= & K@ & wpmg

12mQ ~m)N2 (1 — mPN3 (13)
S 2N
= X N-K
—Kz-:n< }{)m (1 - m)?

Note that even in this simple case, the fre-
quency of a polygenic threshold disease de-
pends on the number of loci (N} and the
threshold (t = Ra), in addition to the amount
of admixture (m) in the hybrid population.
Figure 1 presents some numerical compar-
isons of the predictions of equations 4a, 4b,
and 13. In these computations, we have used
a=1,and N = 2,6, and 10 for the polygenic
model. The threshold values (t) were chosen
to represent approximately the multilocus
dominant, the codominant, and the recessive
cases, respectively. It is clear from these il-
lustrations that in case where the disease
allele is fixed in population I, and population
Il is completely disease free, the frequency of
the disease in the hybrid population, for each
mode of transmission, rises with the contri-
bution of population I. Although the disease
frequency under dominant inheritance is al-
ways higher than for a recessive disorder,
given the same amount of admixture, the
relationship under the polygenic threshold
model depends on the position of the thresh-
old in relation to the range of genotypic val-
ues in a population, In general, the rate of
i in the di freq in the lat-
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ter instance, as a function of m, is slow for
low values of m. As m increases, the slope
gradually rises. Unless the threshold is at an
extreme genotypic value (nearly recessive,
approximately), the curve for polygenic in-
heritance crosses the other two prediction
equations. Even though these computations
are based on very restrictive assumptions (d;
=1, d; = 0, no environmental and/or spo-
radic cases), we argue that the dependence of
the di incidence on the t of ad-
mixture offers some discriminatory power,
particularly when data on admixed popula-
tions are available for an array of hybrid
populations each of which has a varying de-
gree of admixture.

Table 1 provides computations for some-
what more general cases. Here we consider
nontrivial disease frequencies in the two pa-
rental populations (0 < d; # d < 1). How-
ever, we still neglect the role of environ-
mental factors, so that equations 3a and 3b
describe the relationship between m and dy
for autosomal dominant and recessive disor-
ders, while equation 13, with py substituted
for m, gives the frequency of disease in the
hybrid population under a polygenic thresh-
old model. The computations for the poly-
genic threshold model are somewhat tricky
in this case, since for given values of N, R,
and d; we first must compute the allele fre-
quency p; for both parental populations. This
was done by iteratively solving for p in the
equation

2N
_ 2N\ K  2N-K
d",&(x)*" @

for given values of d;, N, and R. Once the
allele frequencies in the two parental popu-
lations were calculated, that in the hybrid
population, py, was computed by mp; +
(1 — m)py, which was then substituted into
equation 14 to compute the frequency of the
disease in the hybrid population (dy).

The qualitative conclusions from Figure 1
hold for this general case as well. The poly-
genic curve rises slowly as a function of m,
and some discriminatory power is still pre-
served for polymorphic disease allele fre-
quencies (0 < p; # pa < 1) in the two
parental stocks. The computations presented
in Table 1, however, indicate that this strat-
egy will not be fruitful in delineating the
mode of inheritance of a genetic disease from
data on just a single population. We need an
array of hybrid populations, all of which are

14)




N = 10
0.204
0.359
0.554
0.750

R =10
0.226
0.405
0.778

inan

R =10
0.162
0.255
0.396
0.602
0.022
0.045
0.088
0.166

rmodels of tr

Polygenic

=8
0.197
0.341
0.528
0.730
0.026
0.055
0.106
0.186

of disease for diff
0.233
0.414
0.609
0.780
0.030
0.066
0.124
0.203

for various values of disease prevalence in the parental populations

ids
0.173
0.278
0.429
0.633
0.026
0.056
0.106
0.184

level and i,

=2
0.213
0.367
0.550
0.738
0.032
0.070
0.128
0.205

J—

0.262
0.451
0.633
0.787

hip between

0.196
0.324
0.484
0.676

One locus
Dom.

d) =09,d3 = 0.1

0.324
0.616
0.676
0.804

TABLE 1. Relati

02

04
0.6
08

derived from the same two parental stocks,
with varying degrees of admixture. Since the
trend in the predictions is critically depen-
dent on the admixture leve! (m), to infer the
role of genetic factors in chronic diseases from
epidemiological studies on migrants an ac-
curate determination of the admixture rate
in migrant populations is needed.

MODELS WITH SPORADIC OCCURRENCES
OF DISEASE

For almost all chronic diseases, there is a
certain fraction of cases that occur sporadic-
ally. For our proposes, let ¢ be the ratio of
sparadic to genetic cases. Under this suppo-
gition, the disease frequency may be ex-
pressed as

Disease Frequency: d
= (1 + c) x Genetic Risk. (15)

Dominant disease

The frequency of an autosomal dominant
disease with a fraction of sporadics will be
given by

d=0+0-0-gd (16
or
g?=1-[d/A +c]. (16b)

With the same notation as before, the disease
frequency in a hybrid population with a frac-
tion m of its gene pool from population I
(with disease frequency d;), and a fraction
(1 — m) from population II (with disease fre-
quency dy), is then

dy = 1+0-Q~-qd
= (1+0-[1 - mq? - (1 - mPg?
- 2m(1 - m)q1q2) an
= m?d, + (1 — mPdp + 2m (1 - m)i(1+¢)
—ViT+c-aXt + ¢~ dg)].

Note that for ¢ = 0 (no sporadic cases),
equation 17 reduces to equation 3a, as should
be the case. It is interesting to note that for
the same d, and dy, the relationship between
m and dy rises at a slower pace as the rela-
tive proportion (c) of sporadic to genetic cases
increases, as shown in Figure 2. The curve
for a dominant mode of inheritance is always
bounded below by the curve for the recessive
model, since the term
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Fig. 2. Efect of aporadic occwrrences of a disease on
13 i ip between the i level and dis-

solid lines are for the autosomal dominant mode of in-
heritance, and the broken lines are for the autosomal
ive model.

ease frequency 1n a hybrid ion. ¢ rep 1
natio of sporadic versus genetic rate of the disease. The

2m(l - m[(1 + ¢)
-1 +¢c-dX1 +c—dy)
—~2m(l - m) vd,d; asc —~ =,

(18)

reducing equation 17 to the form of equa-
tion 3b.

Recessive disease
_Autosomal recessive disorders with a frac-
tion of sporadics behave differently. In this
case, equation 15 yields

di=(1+c)-q? (19a)

a?=d;/(1 + 0, (19b)

50 that the disease frequency in the hybrid
population is

dg=(1+0 qu?
= m2d, + (1 - m)¥dy
+ 2m(1 -m) - Vddp, (20)
which is identical to equation 8b.

The fact that sporadic occurrences do not
disturb the relationship between dy and m is
intuitively easy to explain. Since the effect of
the sporadic rate in a recessive case is essen-
tially to decrease the disease allele frequency

by a factor V(1 + ), the square of the multi-
plier of the genetic risk dictates the popula-
tion risk of the disease, as in equation 15.

Polygenic threshold disease

Sporadic occurrences under a polygenic
threshold model are taken into account by
getting 0,2 # 0 in the formulation described
earlier. We now define the heritability (h) of
the liability X, which has an implicit rela-
tionship with the sporadic rate (Chakra-
borty, 1986). Using the usual definition of
heritability, we have

h? = g2/ (ag® + 0eD)  (21a)
or
062 = g2 (1 ~ b/ h?
=8-q2, (21b)

where 8 = (1 — h?)/h2
As before, assuming normal distributions
for X in each population, we have
4 = L NCXi | a1, 012 dxy,
where p; = 2Nap;,
and o2 = 2No? piai

(22a)
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in which N(x;|u;, 6;%) represents the density
function of a normal variate X; with mean
w, and variance ;2.

Equation 22a may be manipulated to yield

It — 2N o pi)?
a: + 2N o? p(l — pp
=&~ - dp?  (22b)
or
(t - 2N ap? = 2N a? p; (1 — p)
L+ A9 - d)? (220

with the substitution o,2 = 8 + g%
Equation 22 can be reduced to a quadratic
form

Ap?-Bp +C =0, (@3

with

4N24? + 2No?D; (1 + B),
4Nat + 2Na2D; (1 + 8),
LZ

A;
B;
G

with D; = (#~'(1 — d))J?, with &~ X(p) as the
normal deviate for a8 cumulative probabil-
ity p.

Using this quadratic equation, we can eval-
uate the allele frequencies for the two paren-
tal populations as

B, + JBZ-AC,

i A, (24)
as functions of the threshold (t), the number
of loci (N), the allelic effect (o), the heritabil-
ity (h?), and the disease frequency (d;). Note
that both roots of equation 24 may be within
the admissible range (0, 1). Only one of them
is legitimate for a given t and d, since the
assumption of normality for X; implies that
t> 2N ap;

ford; < 0.5 (25a)

(25b)

Inequalities 25a - 25b specify the allele fre-
quency solutions p; < t(2Na) for d; < 0.5
and p; > t/(2Na) for d; > 0.5.

Since the hybrid population has the expect-
ed allele frequency py = mp; + (1 — mp,,
once p; and p, are determined from equation

and
t<2Nap; ford;>05.

R. CHAKRABORTY AND K.M. WEISS

23 with restriction 24, the disease frequency
is given by
dy =
1-¢ t — 2Nopy
[Vi2N o2 py (1 — puX1 + B)}
(26)

for a general polygenic threshold disease. We
bave implicitly assumed in this derivation
that the heritability of liability (h?) is the
same for all populations, which is approxi-
mately true for many physiological traits
(Sing and Orr, 1978; Cloninger et al., 1983).

For some disorders a more restrictive as-
sumption may be made, namely, the total
phenotypic variance of X, o2 = 0 + aez‘ is
constant over all populations. From equation
22a, it is easy to show that

dyg =1 - ¢mé 1 -dy

+1-meta-ddl, @D
with &) and $~Y(-) as defined in equations
7 and 23. Even though the assumption of
constancy of ¢* in all populations may be
contested, the relationship 27 is particularly
interesting, since it describes a simple rela-
tionship between dy and m without involv-
ing the parameters N, t, o, and p explicitly.
In this sense, this relationship parallels those
under the simple mendelian models (equa-
tions 3a, 3b, and 17).

Table 2 illustrates the effect of environ-
mental contributions on the relationship be-
tween m and dy for a polygenic threshold
disease. For illustrative purposes, we assume
that the two parental populations have dis-
ease frequencies d; = 0.9 and dy = 0.1, re-
spectively. Let m denote the proportional
ancestral contribution of parental population
I to the hybrid gene pool. We assume that
there are two loci contributing to the disease
liability (with threshold t = 2«, 3a, and 4a,
respectively, or correspondingly R = 2, 3 and
4 with « = 1); or there are ten loci involved
(with threshold t = 10a, 15¢, and 20a, respec-
tively, or correspondingly R = 10, 15, and
20). The effect of the heritability on the rela-
tionship between m and dy for a multifacto-
rial threshold disease is more complex than
the effect of the sporadic rate in the case of a
simple mendelian disease. The numerical
values in Table 2 indicate that as § increases
(i.e., as h? decreases), the increase of dy with
increasing m becomes confused, since in such
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TABLE 2. Relationship belween admixture level nnd disease frequency of a pdlif""‘ threshold disorder

for different ! contributiona {8 = (1 —
Na2 N =10
8 R=12 R=3 Re=4 R=10 R =15 R =20
m =02
0.0 0.262 0.213 0.173 0.228 0.204 0.168
06 0.267 0.192 0.140 0.229 0.192 0.129
20 0.282 0.208 0.162 0.237 0.188 0.132
10.0 0.348 0.264 0.203 0.270 0.189 0.146
m = 0.4
0.0 0.4561 0.367 0.278 0.405 0.369 0.248
0.5 0.420 0.306 0.187 0.404 0.327 0.168
2.0 0.431 0315 0.208 0.409 0.313 0.172
10.0 0.455 0.361 0.277 0425 0.309 0.197
m =08
0.0 0.633 0.550 0.429 0.604 0.654 0.385
05 0.581 0.445 0.244 0698 0.506 0.217
20 0.570 0.433 0.269 0.5691 0.477 0.225
100 0.544 0.442 0.337 0.574 0.437 0.267
m =08
0.0 0.787 0.738 0.633 0.778 0.760 0.591
05 0.743 0.626 0.320 0.770 0712 0.292
20 0.7 0.586 0.342 0.763 0.680 0.300
10.0 0.652 0.537 0.385 0.730 0.603 0.331

In these compulalions we assumed that the disaase frequoncy in the donor population (dy) ta 0.9 and that Lo the recaiving

population (dy) in 0.1.

cases the disease is governed more by varia-
tion in the environmental factors among in-
dividuals, which changes independently of
the genes inherited.

From these computations, we conclude that
if the disease is totally environmental in ori-
gin, we cannot expect any trend in the rela-
tionship between admixture and disease
frequency in hybrid populations. Genetic fac-
tors responsible for the disease will necessar-
ily show a continuous change in disease
prevalence with the degree of admixture,
whatever be the mode of transmission for the
disease. Furthermore, although not conclu-
sive, some discriminatory power does exist in
the prediction equations, unless environmen-

h in hybrid populations are exactly
paralle! to genetic admixture levels.

THE RELATIONSHIP BETWEEN NIDDM
PREVALENCE AND ADMIXTURE IN ADMIXED
POPULATIONS OF NORTH AMERICA

Noninat]in.d, dent dinh

mellitus
(NIDDM) is a mauor chronic disease whose
prevalence varies greatly in different parts
of the world, and there are strong sugges-
tions that these vary with changesa in the
genetic make-up of populations, including
that in admixed groups (e.g., Zimmet, 1982;
Kirk et al., 1985; Chakraborty et al., 1986).
However, the correspondence of nmuunt. of
admixture and NIDDM prevalence has been

tested specifically in a few reports (Stern et
al., 1984; Hanis et al., 1986; Bennett, 1986),
all of which compared the prevalence rates
to the fractions of Amerindian genes in the
populations, estimated either by the number
of non-Amerindian grandparents (Bennett,
1986), from genetic marker data (Chakra-
borty et al., 1986), or from skin reflectance
(Gardner et al., 1984).

Table 3 presents a compilation of NIDDM
prevalences for some populations of North
America, where estimates of Amerindian ad-
mixture are available from allele frequency
surveys. Figure 3 presents the relationship
between the proportion of Amerindian genes
in these populations and their NIDDM prev-
alences. It is clear that the association be-
tween m (the proportion of Amerindian
nneestry in the population) and dy (NIDDM

! ) is too to be ex-
plamed by chance alone (Kendall’s 7 = 0.848
+ 0.221, P = 8.1 x 107°), suggesting that
there is a strong correspondence in NIDDM
prevalence with the extent of Amerindian
ancestry.

Some comments about this compilation are
in order before formally fitting any of the
models to these data. First, not all of these
surveys estimated the disease prevalence and
the degree of Amerindian ancestry from the
game set of individuals. Second, the source
populations from which these admixed
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TABLE 3. Prevalence of NIDDM and extent of Amerindian ancestry in some lationa of North America
Percentage of
. No. No. Amerindian

Population surveyed affected Prevalence' sncestry’

1. Pima tAnzona) 1210 605 0.500 (1) 99.10(2)

2. Sominoles (Florida) 254 89 0.350 (3) 91.87 (4)

3. Seminoles (Oklahoma) 27 84 0.387 (3) 85.93 (4)

4. Cherokee (North Curolins) 448 180 0.290 (5) 63.00 (8)
Mexican-Americans of San Antonio Males

6. Barrio 178 n 0.152 (7 45.20(8)

6. Transitory 189 25 0.132(7) 26.13(8)

7. Suburb 184 12 0.085(7) 23.00 (8)
Mexican-Americana of San Antonio Femalea

8. Barrio 298 49 0.164 (7 49.61(8)

9. Transitory 243 17 0.070(7) 35.62 (8)
10. Suburb 196 6 0.031(7) 21.81(8)
11. Mexican-Americans (Starr County) 1,930 217 0.112(9) 28.94 (10)
12. Non-Hispanic C (San Antonio) 929 55 0.069 (7) 0.00 (8)

'Sources are in perentheses:

: 1, Knowler et al. (19817, 2, Williams et al. (1885), 3, Elston et a). (1974); 4, Pollitzer et al. (1970); 5, Stein

ot al. (1965). 6, PolliLzer et al. (1962); 7. Stern et a). (1984); 8, Chakraborty et a). (1886% 9, Hanis ot a). (1983); and 10, Hanis et al.

PREVALENCE OF NIDOM
(X 53 0.8

Pig. 3. Relationship between proportion of Amerin-
dian genes and NIDDM prevalence in some North Amer-
ican populati The populati are desi d by
serigl numbers shown in Table 3. The expected relation-

groups received their genes are not necessar-
ily identical. Most likely some of them are
not truly dihybrid in origin. Furthermore,
from the published reports adjustments of
crude prevalence rates for the effects of age,
sex, and obesity were not possible. Neverthe-
less, since the present analysis ia primarily
to illustrate the use of the methodology de-

.2 9.4 0.0
PROP. OF AMERINODIAN GENES

[

ship under different modes of inheritance are based on
the i likelihood esti of the p

(see text for explanation).

veloped in this paper, and not to discover for
the first time a genetic basis for susceptibil-
ity to NIDDM, the present crude form of the
data serves the purpose of this investigation.

To see whether the correspondence be-
tween NIDDM prevalence and degree of
Amerindian ancestry can be explained by
any simple genetic model of susceptibility to
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NIDDM, we fitted equations 17, 20, and 27
to the data presented in Table 3. Such model
fitting required estimation of relevant pa-
rameters of the meodels (d, and dy for reces-
sive and polygenic models, and d,, dp, and ¢
for the dominant model). Estimation was car-
ried out evaluating the total likelihood for
the enure dalﬂ comudenng the 12 surveys
as 1 les and maxi-
mizing ‘the total likelihood as a function of
the parameters.
The total likelihood is given by

12
L=1I (N‘ ) PR - pNITT (28)
i n
or
12
N,
tml -~ i§ n ( “")

12

¢i§[n.mP.f(N|—n|Hn(l—P.)l. (29)

where N, and n; are the total number of
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P = n/N) resulted in fo L = -2720.82,

Since none of the models are submodela of
one another, instead of the traditional likeli-
hood ratio test (to examine the relative per-
formance of the models), we used a goodness-
of-fit test criterion. For each population sur-
vey, therefore,_we ysed the estimated param-
eter values (d,, ds, and &) to predict the
probability of affection (NIDDM) for the given
m; values, and computed the expected num-
ber of affected (fi; = N; % P,). Table 4 pre-
sents these estimates and the goodnessof-fit
x* values, where

X2=(ni- ﬁg)Z-

o;

(32)

It is clear that for each of the models the fit
for the pooled data did not reach statistical
y, since the ber of af-
fecteds differed from the observed signifi-
cantly (P < 0.05) in at least three of the 12
surveys in each of the models examined. The
total x? values (with 12 df) were also signifi-
cant (P < 0.01) for all the three models.
In Flgu.re 3 we plotted the expected rela-

individuals surveyed and the of in-
dividuals affected in the i-th survey, and

md; + (1 - myPds + 2m;(1 - m) VA, d;
for the recessive model,

m2d; + (1 - mpPdy + 2m (1 — my) X 30)
Pl vo) - AT +c - dX1 +¢ - dg)
for the dominant model,
1-6[mé (1 -dp) + (1 -m)®~ Y1 —dy)

for the polygenic model,

m, being the proportion of Amerindian genes
in the i-th population.

Maximization of fn L (equation 29) was
conducted by grid search method in the range
0<d, <d; €1,andc > 0. The maximum
likelihood estimates of d; and d; for the re-
cessive and polygenic models are 0.481, 0.034,
and 0.488, 0.038, respectively, yielding fn L
values of —~2746.95 and —2742.98, ignoring
the constant term

The dominant mode] ylelded the maximum
likelihood estimates d; = 0.417, d; = 0.031,
and ¢ = 10.0, with in L = —2787.956. The
unconstrained likelihood of the data (using

Zm

iml

31)

m and dy, assuming that
each of these populations are derived from
Caucasian and Amerindian gene pools and
using the parameter estimates as noted
above. The admixture estimates presented in
Figure 3 are taken from the literature
(sources indicated in the footnote of Table 3).
These estimates are all based on allele fre-
quency surveys. Both the prevalence figures
and the admixture estimates are subject to
sampling errors (e.g., Non-Hispanic Cauca-
sians have a prevalence rate between 2 and
10%, depending on age), but it is interesting
to note that the fits of the recessive and po-
lygenic models are notably close, while the
dominance curve seems Lo overestimate the
disease prevalence for small values of m. ALl
of the data points are within the 95% confi-
dence bounds of the predictions of these ge-
netic models for the sample sizes from which
the disease prevalence values are computed.
In terms of the goodness-of-fit test criterion,
however, we have to choose between a reces-
sive or a polygenic model as the best fit to
the data, as shown in Table 4. In view of a
smaller number of parameters in the reces-
sive model, this might be viewed as the par-
gimonious model, since the fit is not
statistically improved by fitting a more in-
volved polygenic model.
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From these data, we conclude that even
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dian admixture and NIDDM prevalence rate
may be lained by a simple model such as

though this relatively crude data il
tion cannot conclusively demonstrate the
mode of inheritance of NIDDM, there is a
clear indication that genetic factors are
largely responsible for susceptibility to
NIDDM. The only caveat is that if, in these
populations, the environmental factors re-
sponsible for NTDDM change in parallel with
the extent of Amerindian ancestry, our infer-
ence may be in error. This possibility is very
unlikely given the varied geographic and
cultural origin of the data. In the San Anto-
nio populations, we examined this in some
detail (see Chakraborty et al., 1986), where
we find that the major component of gene
diversity in this population is due to diabetic
status of individuals, not to socioeconomic
classification. The genetic basis of NIDDM
had been postulated through more incisive
studies before (see, e.g., Elston et al., 1974;
Beaty et al., 1982; Bennett, 1986).

DISCUSSION

The theory pr ted here d ates
that there are distinct trends in the relation-
ship between the proportion of accumulated

a major effect of a single recessive locus with
some degree of sporadic occurrences. How-
ever, the fact that earlier prevalence studies
did not reveal a high occurrence of NIDDM
in pre-World War II populations of Amerin-
dians, together with the evidence that sev-
eral Amerindian groups are beginning to
show increased rates of diabetes with “west-
ernization” of their diet, habit, and customa
clearly shows that the concept of gene-envi-
ronment interaction must be quite important
in the etiology of NIDDM (Bennett, 1983;
Weiss et al., 1984a,b). Nevertheless, the above
conclusion is in accordance with the complex
segregation analysis of Elston et al. (1974)
and Beaty et al. (1982). In both of these stud-
ies, pedigree analysis suggested the predom-
inant effect of a single major locus. While
Elston et al. (1974) failed to reject a dominant
model in Oklah Seminole Indi they
preferred a recessive major locus model from
distribution considerations of glucose toler-
ance values. Beaty et al. (1982), on the other
hand, suggested a dominant single locus
model, with perhaps some degree of common

ibship-shared envir B tt (1986)

admixture and di freq y for di
with well-defined modes of inheritance. Even
though this shows the importance of admix-
ture studies designed to reveal the existence
or nature of genetic factors in the etiology of
a chronic disease, applications of the above
formulations should be made with caution.
Among the assumptions involved, the one we
consider crucial is the assumption of con-
stancy of the sporadic rate (in the case of
simple mendelian inheritance) or if heritabil-
ity (in the case of multifactorial threshold
model) over all populations. While thia might
be a reasonable assumption for some cancers
(see Vogel, 1979) and for some quantitative
physiological traits (see Sing and Orr, 1978;
Cloninger et al., 1983), this assumption im-
plies that the relevant environmental factors
are uniform over the entire array of popula-
tions studied. This is almost surely not the
case for the populations examined in Table 3
and Pigure 3. The fact that NIDDM preva-
lence does not depend solely on the extent of
Amerindian ancestry is evident from the fact
that its prevalence varies greatly among dif-
ferent Amerindian tribes and has probably
changed (risen) dramatically in the past few
decades (Bennett, 1983; Weiss et al., 1984a,b).
Our Figure 3 i consistent with the hypoth-
egig that the relationship between Amerin-

reported segregation analysis results in Pima
Indians of Arizona consistent with a single
dominant locus mode of transmission with
perhaps some effects of gene dosage associ-
ated with minor polygenic components.

The genetic basis of NIDDM has also been
discussed from the standpoint that the de-
gree of Amerindian ancestry in admixed
groups of North America may be part of a
"gyndromic” appearance of a group of phys-
jologically related disorders (obesity, diabe-
tes, gallbladder disease, retinopathy, and so
forth), which has been termed the “New
World Syndrome™ (Weiss et al., 1984a,b). The
present study of association of NTDDM prev-
alence with the amount of Amerindian ad-
mixture supports the view that diabetes as a
part of this larger array of metabolic disor-
ders is most likely being expressed in indi-
viduals with Amerindian ancestry exposed
to '‘western’-environment.

One might argue that the extent of expo-
sure to western habits of diet and custom
may be correlated with, or parallel, the de-
crease of Amerindian genes in an admixed
group, such that the relationship we observe
may be explained by an environmental model
only. Yet decreasing admixture is associated
with increased westernization and yet de-
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creased disease prevalence. Furthermore,
there would have to be a fine-tuning of envi-
ronmental changes with regard to the degree
of admixture, such that it followed a well-
specified rule like the genetic models exam-
ined here. This seems unlikely. This is par-
ticularly so, since customary habits and diet
way change several times during the process
of cultural confrontation with “western” peo-
ple, while the change of accumulated admix-
ture by the process of exchange of genes
between gene pools is far slower.

We are not suggesting here that one can
statistically “fit" a gepetic model to data on
differential population admixture, because
there are other variables, usually uncon-
trolled in the samples, that may effect the
relationship between admixture and disease
occurrence. However, if a specific model
seems to fit the data well, this may indicate
the plausibility of a genetic explanation and
suggest that the genetic hypothesis is worthy
of more detailed and specific study. An initial
study design aimed at finding regular admix-
ture—disease prevalence patterns would be a
useful first step.

This study also shows some of the problems
in interpreting data of this sort. Among other
things, the prevalance of NIDDM in Amer-
indian populations is rapidly rising, so that
many of the data points are, or will be, out of
date, whereas the theory is essentially one of
a steady state. As mentioned earlier, the data
analyzed here do not address the issue of
mcomplete penetrance of susceptibility genes
for diabetes, and the preval rates are not
adjusted for uoncoxmtan!. variables like age,
sex, and obesity. Furthermore, the genetic
models used here are somewhat oversimpli-
fied ones. For example, we assumed that ¢,
the sporadic versus genetic occurrence ratio,
is the same in allpopulahons 'I‘hmmpoam
bly not correct, since as gene freq

R. CHAKRABORTY AND K.M. WEISS

al., 1983), the power of discrimination of dif-
ferent modes of inheritance by the present
approach is much smaller. The theory dis-
cussed here, for the first time, rationalizes
the approach of “migrant studies” in epide-
miology looking for genetic basis of chronic
diseases. It shows that the use of specific
genetic models, and of data on disease occur-
rence in populations with differing levels of
admixture from source populations of known
disease prevalence, should be a useful screen-
ing strategy in genetic epidemiology.
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