
Am. J. Hum. Genet. 57:160-170, 1995

Segregation Analysis of Non-Insulin-Dependent Diabetes Mellitus
in Pima Indians: Evidence for a Major-Gene Effect

Robert L. Hanson,' Robert C. Elston,2 David J. Pettitt,' Peter H. Bennett,' and William C. Knowlerl

'Diabetes and Arthritis Epidemiology Section, National Institute of Diabetes and Digestive and Kidney Diseases, Phoenix; and 2Department of
Biometry and Genetics and Center for Molecular and Human Genetics, Louisiana State University Medical Center, New Orleans

Summary

Non-insulin-dependent diabetes mellitus (NIDDM) has
a high prevalence in Pima Indians. The disorder is famil-
ial, but the extent to which genetic factors are involved
in its etiology is largely unknown. Segregation analysis
was used to determine whether familial aggregation of
NIDDM in this population could reflect the action of a
single major gene. The analysis included 2,697 subjects
from 653 nuclear families in which both parents and at
least one offspring had been examined in the course
of a longitudinal epidemiological study. The REGTL
program of the SAGE package was used to fit models
in which age at onset of NIDDM is transmitted from
parent to offspring under the unified model for segrega-
tion analysis. Likelihood-ratio tests were used to test
hypotheses related to genetic transmission. The hypoth-
esis of no major effect was strongly rejected (P < .01),
as was that of no transmission of the major effect (P
< .01). Mendelian transmission was not rejected (P
= .91). Similar results were obtained when covariates
for obesity and birth cohort were added to the models
and when a power transformation of age at onset was
estimated. A strong effect of birth cohort with earlier
age at onset in the later born cohorts was observed (P
< .01). The findings are consistent with the hypothesis
that a major gene influences the risk for NIDDM in
Pima Indians by affecting age at onset. The expression
of this gene may depend on environmental factors that
have become more prevalent in recent-birth cohorts.

Introduction

Non-insulin-dependent diabetes mellitus (NIDDM) is
common in Pima Indians (Bennett et al. 1971; Knowler
et al. 1978). NIDDM is generally believed to have im-
portant genetic determinants (Rich 1990; Knowler
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1993), and the disorder in Pimas is strongly familial
(Knowler et al. 1981). Molecular genetic studies of
NIDDM in this population may, thus, be warranted,
but the design and analysis of such studies would be
facilitated by knowledge of whether the familial aggre-
gation of diabetes is consistent with segregation of a
major gene.

Segregation analysis of NIDDM, however, is compli-
cated by the fact that disease expression is strongly age
dependent and, among Pimas, by the fact that the inci-
dence has increased in recent years (Knowler et al.
1990). Obesity is also a powerful risk factor for NIDDM
that influences the familial relationships (Knowler et al.
1981), and its prevalence has also been increasing
(Knowler et al. 1991; Price et al. 1993). The present
analysis, therefore, was undertaken to determine
whether segregation of a major gene can account for the
inheritance of NIDDM in Pimas, with allowance for the
effects of age, birth cohort, and obesity.

Subjects and Methods

Families
Since 1965, a longitudinal epidemiological study of

NIDDM has been conducted in the Gila River Indian
Community in central Arizona (Bennett et al. 1971). In
this study, all community residents who are ,-5 years old
have been invited biennially to research examinations.
Informed consent was obtained, and a 75-g oral glucose
tolerance test was administered. The diagnosis of diabe-
tes was made according to World Health Organization
(WHO) criteria for epidemiological studies: i.e., a glu-
cose concentration of > 11.1 mmol/liter observed in the
2-h postload venous sample or in the course of routine
medical care (WHO Study Group on Diabetes Mellitus
1985). Age at onset of diabetes was determined from
review of each subject's medical record, including bien-
nial examinations. In the present analysis, diabetes sta-
tus was taken as that at the most recent examination
for each subject. Height and weight were measured at
each visit and were used to calculate body mass index
(BMI) (kg/M2). Because individuals tend to lose weight
after onset of diabetes (Knowler et al. 1991), BMI used
in the analyses was that at the last nondiabetic examina-

160



Hanson et al.: Segregation of NIDDM in Pima Indians

Table I

Characteristics of Subjects

Mothers Fathers Offspring

No. ........ ................ 653 653 1856
Age at examination (years)a ......... 49 (14-87) 48 (9-88) 23 (5-71)
Body Mass Index (kg/m2)a ........... 33.3 (15.6-72.6) 30.3 (16.2-56.4) 30.1 (11.8-72.6)
Birth yeara . ........................ 1938 (1882-1967) 1935 (1879-1964) 1961 (1910-1986)
Male (%) ............... ......... .0 100.0 48.7
Prevalence of diabetes (%) ......... 55.6 45.3 21.0

a The median value is reported, with the range in parentheses.

tion or, if the subject had been examined only after the
diagnosis of diabetes, that at the earliest examination.

Information on familial relationships has been ob-
tained from all participants. This has allowed for the
construction of pedigrees in which phenotypic data are
based on direct examination of all individuals, though
the examinations may have occurred years apart. The
present analysis considers nuclear families in which both
parents and ¢1 offspring had been examined and in
which the heritage of all family members is full Pima or
Tohono O'odham (a closely related tribe). Most individ-
uals have had determination of erythrocyte antigen types
at the ABO and MNSs loci. Of the 747 families identi-
fied, 94 were excluded from analysis because at least
one family member was incompatible with the others at
one of these loci. There were, thus, 653 families included
in the present analysis. These families contained 3,162
members, whose characteristics are shown in table 1.
Because of computational problems posed by multiple
loops in extended pedigrees, the analysis was restricted
to nuclear families. Therefore, some individuals (n
= 405) appeared in two or more families; the 3,162
persons represented in the families comprised 2,697
unique individuals.

Segregation Analysis
Three criteria have been proposed for inferring a ma-

jor gene (Elston et al. 1975); the specific hypotheses
can be tested under the unified model for segregation
analysis (Lalouel et al. 1983):

1. Rejection of the hypothesis of no major effect.
2. Rejection of the hypothesis of no transmission of the

major effect.
3. Failure to reject the hypothesis of Mendelian trans-

mission.

In the present analysis, models were fitted by using the
REGTL program of the Statistical Analysis for Genetic
Epidemiology package (SAGE 1992). This program in-
corporates multifactorial inheritance in a class A logistic
regression model (Bonney 1986). Diabetes is defined as

a dichotomous variable (Y), where Y = 1 if affected and
Y = 0 if unaffected, and the probability that an individ-
ual is affected is modeled, conditional on age, genotype
at the putative disease locus, and a set of other covariates
(Elston and George 1989). The program estimates the
following parameters: qA = the frequency of the putative
disease allele (A); TAA, TAB, TBB = the probability an indi-
vidual of type AA, AB, or BB transmits the A allele to
an offspring. (For the Mendelian case these correspond
to 1.0, 0.5, and 0.0, respectively); Pi, = baseline parame-
ters, where i represents an individual's type (AA, AB, or
BB); ai = age coefficients; yi = susceptibilities; Ck
= covariate coefficients, for covariates k = 1 to N; 6,(Yj)
= coefficients measuring the residual multifactorial ef-
fects of having an affected (Yj = 1) or unaffected (Yj
= 0) spouse (j = S), mother (j = M), or father (j = F).
The logistic function describes the probability an indi-
vidual is affected by age "a" as: y,[1/1 + e`)],
where:

D = Pi + ai(a) + 6S(YS) + 6M(YM) + 6F(YF)
+ 41(Xi) + . . . + QN(XN).

The a, P, or y parameters can be made dependent
on genotype at the putative disease locus; the first two
possibilities correspond to transmission of age at onset
and the last one to transmission of susceptibility (Elston
et al. 1978). In the present analysis, the highest likeli-
hoods were obtained with models incorporating a type-
specific effect on the age coefficient (a). Models with
effects on both a and the baseline parameter (,3) did not
fit significantly better than those with an effect on a
alone (x2 = 2.1; df = 2; P = .35) but did fit better than
those with j8 alone (X2 = 41.7; df = 2; P < .01). For
the most part, therefore, results from models with a type
specific effect on the age coefficient (a) are presented,
but similar results were obtained with an effect on the
baseline parameter (P). Models with an effect on 0 are
presented in order to assess hypotheses concerning dom-
inance, as the program does not allow the necessary
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restrictions for dominant and recessive models when the
type-specific effect is on a. Likelihoods were substan-
tially lower with models in which the type-specific effect
was on susceptibility (y).
Models in which all six multifactorial effects (6) were

included were associated with large variances for these
estimates. Therefore, some parameters may be impre-
cisely estimated in these models, but hypotheses can still
be tested by comparing models. To obtain more precise
parameter estimates, models were also analyzed under
the restriction of equal magnitude of effect for affected
and unaffected classes of relatives (6s(O) = -6s(l); AM(O)
= -6M(O); 6F(O) = -6F(A)) when appropriate.
Models that were fitted included: multifactorial inher-

itance only; Mendelian inheritance only; an "environ-
mentally" commingled model with a major type effect
and equal transmission probabilities in addition to mul-
tifactorial inheritance; a mixed Mendelian model with
a major Mendelian locus and a multifactorial effect; a
non-Mendelian model in which TAB was estimated; and
a non-Mendelian model in which all transmission prob-
abilities were estimated. Birth cohort was represented
by categorical variables (born before 1930, born 1930-
45, born 1946-55, and born after 1955). These catego-
ries were chosen to correspond approximately to periods
of economic and social change. The categories represent
the pre-Depression era, a particularly difficult time for
Pimas, due to loss of their traditional water supplies, the
Depression-World War II era, the immediate postwar
period, and the era after the initiation of the Indian
Health Service. Similarly, BMI categories were also rep-
resented by categorical variables.

For segregation analysis of a quantitative trait, a single
distribution with skewness can result in false inference
of a major gene (MacLean et al. 1975). The analogous
situation for the present analysis is skewness in age at
onset of diabetes. To assess this possibility, the data were
also analyzed with a transformation of age according to
the method of Box and Cox (1964). Transformed age
is equal to (ax - 1)/(Xa(x1 1)), where a is age in years,
aG1 is the geometric mean of all ages of onset (36.6
years), and X is a parameter to be estimated.

Hypothesis Tests
Hypotheses were assessed by the likelihood ratio test,

under the assumption that the negative of twice the dif-
ference in natural logarithms for hierarchical models has
a X2 distribution (Elston 1981). The null hypothesis of
no major type effect was assessed by comparison of the
model with multifactorial inheritance alone (HO: qA
= 1) with that containing both a Mendelian major gene
and multifactorial inheritance (HA: 0 < qA < 1; TAA
= 1.0 TAB = 0.5, TBB = 0.0). The model with both effects
estimates three additional parameters over the reduced
model (qA and two a parameters), so the x2 test has 3

df. The null hypothesis of no transmission was tested
by comparing the commingled model (Ho: qA = TAA
= TAB = TBB) with the model in which all transmission
probabilities were estimated (HA: qA * TAA * TAB * TBB,
3 df). The null hypothesis of Mendelian transmission
was tested by comparing the mixed Mendelian model
(HO: TAA = 1.0, TAB = 0.5, TBB = 0.0) with the model
where TAB was estimated (HA: TAB * 0.5, 1 df) or with
a model where all transmission probabilities were esti-
mated (HA: AA * 1.0, TAB * 0.5, TBB 0.0, 3 df). The
null hypothesis of no multifactorial effect was tested by
comparing the model with Mendelian inheritance only
with the mixed Mendelian model-a test with 3 or 6
df, depending on the restrictions placed on 6.

Because of the duplication of individuals that was
necessitated by analyzing the pedigrees as nuclear fami-
lies, the families are not completely independent. P-val-
ues obtained from these analyses may, therefore, be too
small. To correct for this, certain analyses were also
performed conditioning on the parental phenotypes
(Morton and MacLean 1974; Elston and Sobel 1979;
Lalouel and Morton 1981). Such an approach may re-
sult in more appropriate P-values, but estimates of some
parameters, such as frequency of the disease allele, are
less precise.

In order to assess the adequacy of the fit of the models
and to determine how representative estimates derived
from these families are of the occurrence of NIDDM
in the Pima population, average cumulative incidence
predicted by the model was compared with that ob-
served in the population. Cumulative incidence in the
population was determined in 5,311 subjects by the
product-limit method (Kaplan and Meier 1958). This
approach assumes that the age at onset determined at
the biennial examination is estimated without bias in all
individuals, including those diabetic at their first exami-
nation.

Results

No Covariates
Parameter estimates for models with no extraneous

covariates are shown in table 2. The hypothesis of no
major effect was rejected (X2 = 205.1; df = 3; P < .01),
as was the hypothesis of no transmission of the major
effect (X2 = 113.3; df = 3; P < .01). The null hypothesis
of Mendelian transmission was not rejected, whether it
was assessed by estimating TAB (X2 = 0.6; df = 1; P
= .46) or by estimating all transmission probabilities
(X2 = 0.6; df = 3; P = .91). The estimate of TAB was
0.59 (95% confidence interval (CI) = 0.37-0.81). The
hypothesis of no multifactorial effect was rejected (X2
= 199.1; df = 6; P < .01).

Predicted cumulative incidence of diabetes by age and
genotype at the putative disease locus for the best fitting
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Table 2

Maximum Likelihood Estimates of Parameters of Segregation Models for Inheritance of Age at Onset of Diabetes: No Covariates

Multifactorial Mendelian Multifactoriala Multifactoriala Multifactoriala Multifactoriala
Onlya Only + Commingled + Mendelian + Free TAB + Free hr's

qA ........ (1.0) .38 .42 .39 .37 .37
o................ ... ... (1.0) ... (1.0) (1.0) 1.00

TAB .........(.5) ... (.5) .59 .59
TBB 0............) ... (.0) (.0) .00

a,> ............... .14 .26 .29 .33 .33 .33
aAB ........ ... .18 .20 .23 .22 .22
aBB ........ .13 .15 .16 .16 .16
Bs (°) ............ -.31 (.0) -.52 -.60 -.58 -.58
Ss (1) *......... -.47 (.0) -.98 -1.13 -1.10 -1.10
8M (°) ........ -.94 (.0) -.47 -.07 .04 .41
6M (1) ........ .17 (.0) .93 .85 .93 1.30
8F (°) ........ .53 (.0) -.01 .64 .33 -.04
8F (1) ............ .99 (.0) .72 .89 .58 .21

................. -6.40 -7.52 -8.82 -9.54 -9.36 -9.36
y ........ .85 .91 .90 .89 .88 .88
-2 InL ........ 9,844.42 9,838.37 9,752.06 9,639.29 9,638.74 9,638.74

NoTE.-Models were fitted using the SAGE program REGTL (SAGE 1992). Values in parentheses were fixed at the listed values.
a Multifactorial effect.

Mendelian model is shown in figure 1. The model pre-
dicts an important genetic influence on NIDDM that
occurs at younger ages and a high phenocopy rate at
older a
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rejected and Mendelian transmission was not (X2 = 0.11;
df = 3; P = .99).

Lges. It can be seen by comparing parameter esti- Birth Cohort Effect
that an almost identical figure would result from The addition of a birth cohort effect to the above
:he estimates of the most general model (last col- models resulted in significant improvement in the fit of
f table 3). When the above analyses were per- the models (X2 = 165.6; df = 3; P < .01, for the mixed
i conditioning on the parental phenotypes to cor- Mendelian model). In this case, the hypothesis of a re-
)r duplication of individuals, the hypotheses of stricted multifactorial effect [Ss(O) = -8s(l), 8M(O)
jor effect (X2 = 62.3; df = 3; P < .01) and no = -8M(1), 8F(O) = - F(1)] was not rejected (X2 = 6.8;
iission (X2 = 125.0; df = 3; P < .01) were still df = 3; P = .08). Because of the more precise parameter

estimates, models with this restriction are shown (table
3), but results were similar when all six 8 parameters
were estimated. The hypotheses of no major effect (X2

AA M ,.,= 141.0; df = 3; P < .01) and no transmission (X2
...--.- AB < .----- ,- = 71.0; df = 3; P < .01) were strongly rejected. Mende-

BB / .--- , / hlian transmission was not rejected, whether it was tested
by estimating AB (X2 =3.2; df = 1; P = .07) or by
estimating all transmission probabilities (X2 = 3.2; df
= 3; P = .36). The estimate of TAB was 0.64 (95% CI,
0.48-0.80). The hypothesis of no multifactorial effect

/0 . , 'was rejected (X2 = 19.3; df = 3; P < .01). When models
15 . 65 conditioned on parental phenotypes were fitted, the

./. - --~~~~~~~~~~hypotheses of no major effect (X2 = 118.7; df = 3; P
5 15 25 35 45 55 65 < .01) and no transmission (X2 = 89.3; df = 3; P < .01)

AGE were still rejected, and the hypothesis of Mendelian
transmission was not rejected (X2 = 5.4; df = 3; P = .14).

I Cumulative incidence of diabetes in Pima Indians pre- Parameter estimates for the best-fitting dominant, re-
y the best-fitting mixed Mendelian segregation model, by age
nd genotype at the putative disease locus. AA = homozygous a
ise allele A; AB = heterozygote; and BB = persons without table 4. The effect of the putative disease allele is as-
lele. sumed to be on the baseline parameter (,1) in these mod-

w
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Table 3

Maximum Likelihood Estimates of Parameters of Segregation Models for Inheritance of Age
at Onset of Diabetes: Birth Cohort Effect

Multifactorial Mendelian Multifactoriala Multifactoriala Multifactoriala Multifactoriala
Onlya Only + Commingled + Mendelian + Free TAB + Free T's

qA ................ (1.0) .36 .43 .37 .35 .35
XAA .............................. ... (1.0) ... (1.0) (1.0)1.00
TAB .............................. ...(.5) ... (.5) .64.64
TBB .................... ... (.0) ... (.0) (.0) .00

aAA ............... .17 .33 .28 .32 .32 .32
aAB ............... ... .24 .21 .24 .24 .24
tXBB ............... ... .18 .14 .19 .18 .18
8s (1)b .......... ..... .13 (.0) .19 .12 .11 .11
8M (1)b ............... .53 (.0) .69 .48 .36 .36
8F (1)b .... ...... .22 (.0) .33 .15 .09 .09

................................. -6.70-8.84 -8.53 -8.99 -8.92-8.92
4 < 1930c ............... -2.21 -3.25 -2.92 -3.05 -2.88 -2.88
4=1930-45c ............ -.58 -.73 -.75 -.69 -.62 -.62

1956c ............... .33 .70 .55 .65 .58 .58
. . ............ .81 .89 1.00 .86 .86 .86

-2 lnL ......... ..... 9,624.88 9,503.22 9,551.77 9,483.91 9,480.73 9,480.73

NoTE.-Models were fitted using the SAGE program REGTL (SAGE 1992). Values in parentheses were fixed at the listed values.
a Multifactorial effect.
b81 (0) is constrained to equal -6, (1).
' By definition, the parameter is 0 for those born in the period 1946-55.

els. Both dominant (X2 = 20.4; df = 1; P < .01) and
recessive (X2 = 19.6; df = 1; P < .01) models were
rejected in comparison with the general Mendelian
model (in which the heterozygote is at an intermediate
risk for NIDDM).

Predicted cumulative incidence of NIDDM by age and
birth cohort is shown for the three putative genotypes
in figure 2, on the basis of the parameters from the
mixed Mendelian model in table 3. Overall predicted
cumulative incidence for the population from this same
model, compared with that observed in the population,
is shown in figure 3. The predicted cumulative incidence
corresponds well with that observed, but it deviates
somewhat at the oldest ages in all birth cohorts, where
data tend to be sparse. The cumulative incidence of
NIDDM predicted by the model derived from these fam-
ilies is, thus, a reasonable estimate of the occurrence of
diabetes in the population.

Cumulative incidence ratios for the putative AA and
AB genotypes, relative to the BB homozygote, are shown
for various ages in table 5. The model predicts that the
risk of NIDDM for gene carriers relative to that of non-
carriers is greater at younger ages and, for a given age,
in earlier-born cohorts.

Transformation ofAge at Onset
In order to determine whether skewness in age at on-

set could mimic a major gene effect in the above analysis,
the analysis was repeated using a power transformation

of age. Results of this analysis are shown in table 6. The
hypotheses of no major effect (X2 = 79.6; df = 3; P
< .01) and no transmission (X2 = 68.6; df = 3; P
< .01) were rejected. Mendelian transmission was not
rejected (X2 = 3.4; df = 3; P = .33). In comparison of
mixed Mendelian models, the hypothesis X = 1 was not
rejected (X2 = 1.5; df = 1; P = .22); i.e., transformation
of age did not significantly improve the fit of the model.
Obesity Effect

Parameter estimates from models with BMI as a co-
variate are shown in table 7. The addition of this covari-
ate resulted in significantly higher likelihoods compared
with models containing no covariates (for comparison
of mixed Mendelian models, X2 = 11.2; df = 4; and P
= .02). The hypothesis of no major effect was rejected
(X2 = 194.6; df = 3; P < .01), as was that of no transmis-
sion (X2 = 112.2; df = 3; P < .01). Mendelian transmis-
sion was not rejected (X2 = 0.2; df = 3; P = .97). The
estimate of TAB was 0.56 (95% CI, 0.30-0.82). The
hypothesis of no multifactorial effect was also rejected
(X2 = 175.1; df = 6; P < .01). Parameter estimates and
hypothesis tests for models that included covariates for
both BMI and birth cohort did not differ substantially
from models that contained a cohort effect alone (data
not shown).
Discussion
The present analysis shows that familial transmission

of age at onset of NIDDM in Pima Indians corresponds
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Table 4

Maximum Likelihood Estimates of Parameters of Dominant,
Recessive, and General Mendelian Models for Inheritance
of Age at Onset of Diabetes: Birth Cohort Effect

Dominant Recessive General

qA .............. .32 .74 .53
TAA .......................... . (1.0)(1.0) (1.0)
TAB ............................ (.5)(.5) (.5)
TBB ...........................(.0) (.0) (.0)
PAA ........................... -7.45-7.48 -7.48
I3AB .................... (=PAA) (= 3BB) -9.93
BB ........ ............... -10.60 -10.64 -13.45

6s (1)t .............. .15 .16 .12
8M (1)t .............. .56 .57 .50
8F (M)t .............. .27 .27 .13
a .............. .23 .23 .25
4 < 1930t .............. -2.94 -2.91 -3.03

1930-45f .......... -.79 -.79 -.65
a1956t ................ .39 .37 .59

.......................... .83 .82 .84
-2 lnL .............. 9,521.06 9,520.21 9,500.62

NoTE.-Models were fitted using the SAGE program REGTL
(SAGE 1992). Values in parentheses were fixed at the listed values.

a 5, (0) is constrained to equal -5, (1).
By definition, the parameter is 0 for those born in the period 1946-

55.

well with Mendelian expectations. These findings indi-
cate that a single major gene that influences age at onset
could be an important determinant of NIDDM in this
population. The model predicts a high genetic risk for
diabetes with younger age at onset and a high prevalence
of phenocopies at older ages. The high prevalence of
NIDDM at older ages, therefore, may reflect other ge-

netic and/or environmental factors.
The longitudinal nature of the present study allows

for more accurate assessment of age at onset of diabetes
than is usually available from a cross-sectional study.
However, excess mortality among diabetic individuals
could have influenced the availability of subjects for
analysis, particularly in the earliest-born cohort. Addi-
tionally, in earlier-born cohorts, many subjects already
had diabetes at the first examination, so their age at

onset is not as well documented as in later-born cohorts.
Since the present analysis assumes that age at onset is
determined without bias in all birth cohorts, the magni-
tude of the cohort effect may be overestimated. Inclusion
of a cohort effect in the segregation models, however,
did not substantially alter the parameter estimates or

the inferences regarding segregation of a major gene.

Moreover, the increasing incidence of NIDDM at all
ages (Knowler et al. 1990) suggests that factors that
lead to earlier expression of diabetes have become more

prevalent in later-born cohorts. Obesity is a strong risk
factor for diabetes (Knowler et al. 1981), and its preva-

lence has also increased considerably in recent years

(Knowler et al. 1991; Price et al. 1993). However, the
increasing incidence of diabetes in Pimas is not entirely
explained by higher BMI (Knowler et al. 1990). Al-
though BMI may not fully account for changes in adi-
posity, secular trends in other factors may have contrib-
uted to the rising incidence ofNIDDM. Increasing physi-
cal inactivity, which is associated with NIDDM (Kriska
et al. 1993), could play a role, as could dietary changes.

Previous segregation analyses of NIDDM in Pimas
have sought the parameters of Mendelian models that
have not accounted for a cohort effect or for multifacto-
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rial inheritance (Yamashita et al. 1984; Lewis 1991).
The analyses of Yamashita et al. (1984) on 2-h glucose
concentration suggested a model in which the mean

value for the putative heterozygote was intermediate to
the other two values, a finding consistent with the pres-

ent analysis. On the other hand, Lewis (1991) found
one maximum likelihood at a heterozygote-affected
model and another at a heterozygote-unaffected model.
In the present analysis, a heterozygote affected model
was the best fitting Mendelian model when transmission
of susceptibility (y), rather than age at onset (a, P), was
assumed, but the evidence for a major effect was weaker
(X2 = 8.2; df = 3; P = .04). The support for a major
gene is, thus, dependent on the parameterization of the
model. Segregation analysis of BMI in Pimas, accounting
for birth cohort, also suggests a major gene effect (Price
et al. 1994). It seems possible that the present analysis
reflects the same biological phenomenon: i.e., a diabetes-
obesity gene. However, the addition of BMI to the segre-

gation models in the present analysis did not affect the
evidence for a major diabetes susceptibility gene. Fur-

thermore, the finding that relatives of less obese diabetic
Pima Indians have a higher prevalence of NIDDM than
relatives of more obese diabetic subjects suggests that
the familial determinants of NIDDM and obesity are

separate (Hanson et al., in press).
Segregation analyses of NIDDM or related pheno-

types in other populations have provided equivocal sup-
port for a major gene. Among Seminoles, another Native
American population, analyses of glucose tolerance were
consistent with a major gene in the Oklahoma branch
of the tribe but not in the Florida branch (Elston et
al. 1974). Analysis of glycemia among Nauruans also
suggested a major gene with dominant inheritance (Ser-
jeantson and Zimmet 1991), but this analysis did not
formally test the hypothesis against non-Mendelian
models. On the other hand, in analysis of fasting plasma
glucose in European Americans, an environmental
model provided the best fit (Rice et al. 1992). In other
segregation analyses of NIDDM, models incorporating
a major gene effect did not fit significantly better than
those with multifactorial inheritance, and more complex
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Table 5

Predicted Cumulative Incidence Ratios, by Genotype, Age,
and Birth Cohort

AGE
(years)

BIRTH COHORT
AND GENOTYPE 25 45 65

Born before 1930:
AA ........... ... 37.9 1.98
AB ........... ... 10.6 1.93
BB ............ ... 1.o0a 1.0oa

Born 1930-45:
AA ........... 26.1 4.74 ...

AB ........... 4.23 3.76 ...

BB ............ 1.00a 1.OOa ...

Born 1946-55:
AA ............ 22.5 2.88 ...

AB ........... 4.14 2.54 ...

BB ............ 1.o0a 1.OOa ...

Born after 1955:
AA ............ 18.0 ... ...

AB ............ 4.00
BB ............ 1.OOa ... ...

NOTE. -Ratios computed from the mixed Mendelian model in table
3, as the predicted cumulative incidence for the relevant genotype,
divided by that of the BB genotype.

a Equal to 1, by definition.

models were required to explain the data (Cook et al.
1994; McCarthy et al. 1994).

In segregation analysis of a quantitative trait, skew-
ness in a single distribution can result in the false infer-
ence of a major gene (MacLean et al. 1975). The analo-
gous situation in the present analysis is skewness in age
at onset ofNIDDM. Prior use of a power transformation
can reduce the probability of falsely detecting a major
effect, although this approach can reduce the power to
detect a major gene if it is truly present (Demenais et al.
1986). In the present analysis, the power transformation
was estimated simultaneously, and evidence for a major
gene affecting age at onset of diabetes remained.

Analysis of the entire Pima population as a small num-
ber of very large pedigrees is theoretically possible, but
this is made computationally difficult by the presence of
multiple loops. For this reason, nuclear families were
analyzed in the present study. This approach necessitates
duplicating some individuals, and this results in lack of
independence among pedigrees. Therefore, the P-values
obtained in the present analysis may be too small, but,
given the results, this is not likely to affect the conclu-
sions. Moreover, similar findings were obtained when
the analysis was performed conditioning on the parental
phenotypes in order to correct for the duplication of
individuals.
A potential limitation of the present analysis is that

the models do not allow the covariate effects to be geno-
type specific. In the presence of a gene-environment in-
teraction, analyses that do not allow for genotype-spe-
cific covariates can lead to loss of power and to biased
parameter estimates (Tiret et al. 1993). On the other
hand, incorporating genotype-specific covariates may
complicate estimation of a power transformation
(Khoury et al. 1993). The fact that the estimates of TAB
were somewhat different from 0.50 could reflect gene-
environment interaction. However, it is noteworthy that
parameters determining the type-specific age at onset
distribution (ai, 13, and y) were estimated to have very
similar values whether or not the transmission probabili-
ties were Mendelian. On this basis, one might expect
any bias due to genotype-environment interaction to be
modest.
The class A model is a flexible parameterization of

multifactorial inheritance because it allows for different
maternal and paternal effects. The present analysis
shows a stronger maternal than paternal effect (6M
> 6F, in table 3); this may, in part, reflect an effect of the
diabetic intrauterine environment (Pettitt et al. 1988). It
could also reflect mitochondrial inheritance, but
mtDNA mutations commonly associated with diabetes
have not been found in Pimas (Sepehrnia et al., in press).
The class A model is limited, however, because it con-
strains the resemblance among siblings to be solely a
function of the parental phenotypes. If the resemblance
among siblings is higher than the parent-offspring re-
semblance, failure to account for this effect (e.g., in a
class D model) can lead to false inference of a major
gene (MacLean et al. 1975; Elston 1981). To guard
against this possibility, it has been suggested that one
should be suspicious of results that support both domi-
nant and recessive models over intermediate models or
in which estimates of transmission probabilities are
markedly non-Mendelian despite failure to reject Men-
delian transmission (Go et al. 1978). In the present anal-
ysis, neither of these situations occurred. To further as-
sess the adequacy of class A models, odds ratios (OR)
for affection of different classes of relatives were com-
pared. If the first-born sibling in each sibship was consid-
ered the index person, the age-adjusted OR for diabetes
for subjects having a diabetic index sibling was 2.2 (95%
CI, 1.6-3.1). This is only slightly higher than the risk
for having a diabetic father (OR = 1.9; 95% CI, 1.3-
2.7) and is lower than that for having a diabetic mother
(OR = 3.4; 95% CI, 2.1-5.2). Although the program
used does not allow a formal test of a class A against a
class D model, this result and the comparison of pre-
dicted with observed cumulative incidence suggest that
the class A model fits the data reasonably well.

Studies of DNA should more fully characterize the
genetics ofNIDDM in Pimas. While segregation analysis
does not prove or disprove the existence of a major
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Table 6

Maximum Likelihood Estimates of Parameters of
Birth Cohort Effect and Transformation of Age at

Segregtim i Modm FI. t of-Age at Onset of Diabetes:

Multifactorial Mendelian Multifactoriala Multifactoriala Multifactoriala Multifactoriala
Onlya Only + Commingled + Mendelian + Free tAB + Free 's

qA ............ .. (1.0) .35 .76 .35 .32 .32
tAA ........................... ... (1.0) ... (1.0) (1.0) 1.00
TAB .................. ... (.5) ... (.5) .67 .67
TBB ................... ... (.0) ... (.0) (.0) .00
aAA ..................... .16 .30 .20 .30 .29 .29
aAB .............. ... .23 .15 .24 .23 .23
aBB .................. .18 .24 .19 .19 .19
Bs (1)b .............. .12 (.0) .17 .13 .12 .12
8M (1)b .............. .51 (.0) .63 .48 .34 .35
8F (1)" ...................... .22 (.0) .29 .16 .09 .09

..................... -14.47 -9.97 -10.90 -10.13 -10.33 -10.24
4 < 1930c .............. -1.89 -3.08 -2.50 -2.88 -2.66 -2.67
4=1930-45C ......... -.55 -.72 -.65 -.68 -.60 -.60

1956c .............. .48 .71 .54 .67 .57 .57
........................ .25 .81 .60 .80 .77 .78

. .. ........... .88 .90 1.00 .86 .87 .87
-2 InL ............. 9,562.00 9,501.75 9,547.57 9,482.42 9,478.99 9,478.99

NOTE.-Transformed age = (agex - 1)/X(36.61-'). Parameters in parentheses are fixed at the listed values.
a Multifactorial effect.
b8i (0) is constrained to equal -8, (1).
c By definition, the parameter is 0 for those born in the period 1945-56.

Table 7

Maximum Likelihood Estimates of Parameters of Segregation Models for Inheritance of Age at Onset of Diabetes:
Effect of Body Mass Index

Multifactorial Mendelian Multifactoriala Multifactoriala Multifactoriala Multifactoriala
Onlya Only + Commingled + Mendelian + Free rAB + Free t's

qA ........ (1.0) .23 .48 .39 .38 .38
................ ..... (1.0) ... (1.0) (1.0) 1.00

'AB ................ ... (.5) * . (.5) .56 .56
TBB . ..... ... (.0) (.0) 0) .00
aAA ........ .14 .32 .26 .32 .32 .32
aAB *......... ... .20 .18 .22 .22 .22
CaBB ........ ... .14 .12 .16 .16 .16
as (0) ............ -.26 (.0) -.49 -.52 -.49 -.49
Bs (1) ........ -.40 (.0) -.64 -1.02 -1.00 -1.00
8M (0) ........ -.50 (.0) -.40 .09 .49 .48
8M (1) ........... .57 (.0) .92 .93 1.31 1.31
8F (0) *......... .14 (.0) .01 .58 .03 .04
8F (1) ............ .57 (.0) .73 .75 .21 .22

................. -6.93 -8.45 -9.20 -9.98 -9.82 -9.82
= 25-30 .37 .47 .58 .24 .20 .20
= 30-35c .59 1.00 .88 .59 .56 .56
= 35-40a .51 1.06 .63 .66 .62 .62
> 40 ........ .91 1.53 1.05 .83 .78 .78
................... ..86 .90 1.00 .90 .90 .90

-2 InL ........ 9,822.71 9,803.19 9,740.75 9,628.08 9,627.86 9,627.86

NoTE.-Models were fitted using the SAGE program REGTL (SAGE 1992). Parameters in parentheses were fixed at the listed values.
a Multifactorial effect.
b Those with BMI < 25 kg/M2 are the reference category; by definition, the parameter is 0.
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genetic locus for a trait, it does provide an estimate of
the prior probability of such a locus and can facilitate
the design and analysis of genetic linkage studies. It
might be thought that the high frequencies of the puta-
tive disease allele observed in the present analysis, which
are not surprising in light of the high prevalence of
NIDDM, would compromise the power of a linkage
study in this population. However, simulation studies
suggest that power to detect a diabetes susceptibility
gene in Pimas is high (Hanson et al. 1994).
The findings of the present analysis are consistent with

the hypothesis that a major genetic locus influences the
risk of NIDDM in Pimas by affecting age at onset. The
expression of this gene may depend on environmental
factors to which more recent birth cohorts have had
greater exposure.
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