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Abstract

Type 2 diabetes mellitus (NIDDM) is a complex disorder
encompassing multiple metabolic defects. There exists
strong evidence for a genetic component to NIDDM;
however, to date there have been few reports of linkage
between genetic markers along the genome and NIDDM
or NIDDM-related quantitative traits. We sought to deter-
mine whether individual quantitative traits which deter-
mine glucose tolerance exhibit familiality in Finnish fam-
ilies with at least one NIDDM-affected sibling pair. Tolbu-
tamide-modified frequently sampled intravenous glu-
cose tolerance tests (FSIGT) were performed on unaf-
fected offspring (n = 431) and spouses (n = 154) of
affected sibling pairs sampled for the Finland-United
States Investigation of NIDDM Genetics (FUSION) study.

FSIGT data were analyzed using the Minimal Model to
obtain quantitative measures of insulin sensitivity (S)),
glucose effectiveness (Sg), and insulin secretion as-
sessed as the acute insulin response to glucose (AIR).
The disposition index (DI), a measure of insulin resis-
tance-corrected B-cell function, was also derived as the
product of S; and AIR. Variance components analysis
was used to determine for each trait, the heritability (h2),
the proportion of the total trait variance accounted for by
additive genes. After adjustment for age, gender, and
body mass index, h? estimates were: Sg: 18 £ 9%, S;: 28
+ 8%, AIR: 35 = 8%, and DI: 23 + 8%. We conclude that
there is strong evidence for modest heritability of Mini-
mal-Model-derived NIDDM-related quantitative traits in
unaffected spouses and offspring of Finnish affected sib-
ling pairs.
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Introduction

Type 2 diabetes mellitus (NIDDM) is a complex dis-
ease characterized by fasting hyperglycemia primarily due
to insulin resistance and f-cell dysfunction [1-3].
NIDDM is also a risk factor for cardiovascular disease
and hypertension [4] and therefore contributes signifi-
cantly to morbidity and mortality. While the clinical char-
acteristics of NIDDM are well documented, the specific
defects responsible for the pathogenesis of the disease are
generally unclear. Identification of the genetic basis for
NIDDM could lead to identification of the specific meta-
bolic defects responsible for the pathogenesis of the dis-
ease. Early evidence for a strong genetic component to
NIDDM came from twin studies where it was noted that
monozygotic twins had a higher NIDDM concordance
rate compared to dizygotic NIDDM twins [5] and family
studies showing a higher NIDDM prevalence rate in rela-
tives of NIDDM subjects [6, 7] than in the general popula-
tion.

The evidence for a genetic component to NIDDM has
led several groups to determine whether NIDDM-related
quantitative traits exhibit familiality [8—12]. Highly heri-
table NIDDM quantitative traits may provide clues for
identification of genes responsible for NIDDM. Several
groups have shown familiality for fasting glucose [8, 9]
and fasting insulin [11]. However, these phenotypes re-
flect the net effect of multiple metabolic defects such as
insulin resistance and B-cell dysfunction [1, 3, 13]. This
raises the question whether individual quantitative traits
that determine fasting glucose or insulin themselves ex-
hibit familiality. Familial clustering of insulin action and
acute insulin response were demonstrated in Pima In-
dians suggesting significant heritability for these traits
[10, 14]. Recently, Sakul et al. [12] reported heritability
estimates for a wide range of diabetes-related quantitative
traits in Pima Indians. Their results indicate relatively
high levels of heritability for such quantitative traits as
insulin action, acute insulin response, and percent body
fat.

The Finland-United States Investigation of NIDDM
Genetics (FUSION) Study is a multicenter effort to iden-
tify genes for NIDDM [15]. FUSION has recruited and
tested over 2,000 Finnish volunteers comprising 533 fam-
ilies with affected sibling pairs. One of the unique charac-
teristics of the FUSION study is that we directly assessed
NIDDM-related quantitative metabolic traits in the non-
diabetic spouses and offspring of our affected sibling pairs
using the frequently sampled intravenous glucose toler-
ance test (FSIGT) with Minimal Model analysis [16]. The
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availability of these quantitative traits allows us the
opportunity to estimate heritability for traits which con-
tribute to the pathogenesis of NIDDM. We observed sta-
tistically significant, albeit modest, heritabilities for glu-
cose effectiveness (Sg), insulin sensitivity (S;), acute insu-
lin response (AIR) and the disposition index (DI) which
were measured in the FUSION study.

Methods

The study design and recruitment for FUSION are detailed else-
where [15]. Briefly, we successfully recruited and tested 533 nuclear
families consisting of an affected sibling pair, parents when available
and additional affected siblings. We ascertained families through
index cases who were identified from the Finnish National Hospital
Discharge Registry or from previous studies performed at the Na-
tional Public Health Institute. Two hundred and ten of these nuclear
families were extended to include an unaffected spouse and one or
more offspring of the affected individuals. Here we report results
from 176 index cases, 157 spouses, and 450 offspring from these
extended families.

Phenotyping

Fasting glucose, insulin, C-peptide, and glutamic acid decarbox-
ylase antibody (GAD Ab) were measured in all affected individuals.
An oral glucose tolerance test (OGTT) conforming to WHO stan-
dards was performed in all unaffected subjects to confirm glucose
tolerance status and in those affected subjects whose affection status
could not be readily confirmed, yielding 2-hour glucose and insulin
measurements in these individuals. All unaffected spouses and off-
spring of an index case or affected sibling were also invited to under-
go a tolbutamide-modified FSIGT with Minimal Model analysis [17]
to derive quantitative estimates of Sg and S;. The acute insulin
response to glucose (AIRg) was computed as the incremental inte-
grated area under the insulin curve for the first 8 min of the FSIGT
[18, 19] and used as an index of insulin secretion. We also computed
the DI, the product of S; and AIRg, as a resistance corrected index of
B-cell function [16, 20]. Additional traits we assessed include fasting
lipids and blood pressure.

Exclusions

Because the goal of FUSION is the identification of genes for
NIDDM, we made an effort to identify and exclude subjects who
might have had late-onset insulin-dependent diabetes (IDDM) rather
than NIDDM. Affected individuals were excluded as possible late-
onset IDDMs if they fulfilled one of the following sets of criteria:
(1) insulin treatment was started within 10 years of diabetes diagno-
sis, GAD Ab was =0.03 GAU, and fasting C-peptide was <0.30 nM,
or (2) insulin treatment was initiated within 4 years of diagnosis, no
presence of GAD Ab, and fasting C-peptide was <0.30 n. For the
assessment of familiality, first-degree relatives (parents, offspring,
and siblings) of suspected late-onset IDDM subjects also were
excluded from analyses.

Prior to clinical testing, all subjects were asked to refrain from
taking any of their prescription medication on the day of clinic visits.
Data for those subjects who on the morning of blood sampling took
medications known to affect the outcome of interest were excluded
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Table 1. Size of families and number of .
Family size

Total

offspring per family
Families 0 13 35 77 32 14 7 4 1 1 184
Offspring/family 0 1 2 3 4 5 6 7 8 Total
Families 5 23 93 34 16 7 3 2 1 184

from analyses. Finally, since 1 day is an inadequate washout period
for the majority of medications, we repeated analyses excluding tho-
se subjects prescribed medications known to impact on the outcome
of interest, regardless of when the medication was last taken.

Data Analysis

We assessed familiality for our NIDDM-related quantitative
traits using the multivariate normal variance components approach
of Lange et al. [21]. We modeled mean levels of each quantitative
trait value as a linear function of age and gender. Because obesity is a
known risk factor for NIDDM [3, 22] and genes for obesity may over-
lap with those for NIDDM, we tested models with and without a
term for body mass index (BMI). For non-FSIGT-derived traits, we
corrected for ascertainment by conditioning on the trait value of the
index case [21]. Since we did not perform FSIGTs in our affected
subjects, for analyses involving FSIGT-derived traits, we carried out
an approximate ascertainment correction by assigning a constant
trait value to each index case and conditioning on that value. We
chose the mean of the lowest quartile from the FSIGT results in the
nondiabetic spouses who, as a group, were well matched with the
index cases in terms of age, gender distribution, and BMI. The fol-
lowing values were assigned: Sg: 1.03, Si: 2.41, AIRg: 765.3, DI:
3,552.87. We assessed the impact of this ascertainment correction by
repeating the analyses with other imputed values for the index cases,
and without imputed values and no ascertainment correction.

We assumed a polygenic model for our analyses in which each
trait was determined by the summed effects of multiple unmeasured
genes of small effect (polygenes), unmeasured individual specific
environmental effects, and the measured effects of age, gender, and
(in some cases) BMI. Given our model, the total variance (c2) for a
given quantitative trait is partitioned into an additive genetic vari-
ance component (6%), a genetic dominance variance component
(624) that reflects nonadditivity within loci, and an individual spe-
cific environmental variance component (62) [21]:

o’=0ci+Gi+oL

Similarly, the covariance between two noninbred individuals 7
and j may be written as:

COV(X;X)) = 632 ;; + G3A7;; + 530ij.

Here ¢ is the kinship coefficient which is the probability that an
allele drawn at random from individuals i and j at a given locus are
identical by descent (ibd) [23], A7;;is the probability that i and j share
both genes ibd, and §;;= 1 if i = jand §;; =0 if i #.

All data were transformed to approximate univariate normality
prior to analysis. Square root (diastolic blood pressure, DI) or natural
logarithmic transformations (fasting and 2-hour glucose and insulin,
S1, total cholesterol, HDL cholesterol, systolic blood pressure) were

Familiality of Quantitative Metabolic Traits
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Table 2. Subject demographics (mean £ SD, median, number of
subjects)

Gender Age Body mass index
FM years kg/m?
Index cases 62:114 63.3+£6.6 29.7+4.4
63.4 29.2
176 176
Unaffected 108:49 60.8+7.4 28.5+4.7
spouses 60.7 28.2
157 157
Unaffected 215:235 347+7.3 25.8+4.3
offspring 34.9 25.3
450 450

used for most variables. Exceptions were Sg (y%-2%), AIRg (y°-18%), and
triglycerides (y~9-3). Also, we used the log-transformed BMI value in
the mean model since the distribution of BMI tended to be skewed.
We used the computer program FISHER [24] to estimate the param-
eters of our model by maximum likelihood. Presence of a significant
variance component was assessed by using the log-likelihood statistic
(A) in which we compared the models with the variance component
of interest set to zero to that in which the component was allowed to
be positive. Because of the one-sided nature of this test, A is asympto-
tically distributed as a 50:50 mixture of x2 on one degree of freedom
and a point mass at zero, resulting in p values half as large as in the

usual two-sided case [25]. We estimated the narrow sense heritability
2

c . s
h? = —“2” as a measure of trait familiality.
c

Results

We restricted our analyses to those extended families
for which we had complete FSIGT results. A total of 184
pedigrees were available for analyses after excluding late-
onset IDDM families and those subjects who took medi-
cations on the day of blood draw (table 1). Pedigree sizes
ranged from 2 to 10 members. Demographic characteris-
tics of our subjects are shown in table 2. Table 3 shows
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Table 3. Fasting and 2-hour plasma glucose
and insulin levels (mean £ SD, median,

Fasting glucose 2-Hour glucose
mM mM

Fasting insulin

2-Hour insulin

number of subjects) pM pM
No medication exclusion
Index cases 10.8£3.6 15.5+4.8 11277 489285
10.7 14.4 96 498
169 10 169 10
Unaffected 5.3+£0.7 6.1+1.8 78+51 429+328
spouses 5.2 5.8 66 345
155 155 157 152
Unaffected 5.0£0.6 53x14 67+34 322+2,250
offspring 5.0 5.2 60 237
441 441 442 442
Medication exclusion
Index cases 9.0£2.9 13.2+2.8 10046 574+268
8.4 12.7 84 570
13 6 13 6
Unaffected 5.3%£0.7 62+1.8 78+51 430329
spouses 5.2 5.8 66 345
153 153 155 150
Unaffected 5.1£0.6 53x14 67+34 323+£250
offspring 5.0 5.2 60 240
439 439 440 440
Table 4. Minimal Model results
(mean = SD, median, number of subjects) Sc . Si . AIR . DI
% 100 min-! x 105 min-Y/pM pM x 8 min
Unaffected 1.66%+0.57 5.88+3.39 2,373+£1,671 12,458 £8,872
spouses 1.60 5.41 1,874 10,190
154 154 156 153
Unaffected 1.77£0.58 7.58+4.48 2,180£1,526 14,140+9,158
offspring 1.70 6.73 1,891 12,513
431 431 447 428

mean and median values for fasting and 2-hour glucose
and insulin values for the total sample and for those sub-
jects who were not taking medications known to affect the
measured trait. A large proportion of our affected individ-
uals (92%) were taking a medication known to affect glu-
cose and/or insulin (e.g., exogenous insulin, sulfonyl-
ureas), while very few spouses or offspring were on such
medication.

Table 4 summarizes the FSIGT results for those 154
spouses and 431 offspring in whom FSIGTSs were success-
fully completed and analyzed. There were only 2 individ-
uals on medications known to affect the metabolic param-
eters and exclusion of these individuals has no impact on
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the mean values (data not shown). Lipid and blood pres-
sure values are summarized in table 5. Thirty-five of our
affected subjects were taking medications known to affect
lipid values and 120 were taking antihypertensive medi-
cation. The proportion of spouses and offspring taking
either type of medication was much smaller.

We estimated heritability of BMI in our families to be
55.9 £ 6.0% (p < 0.0001), illustrating that adiposity is a
highly heritable trait. However, it is interesting to note
that we did not detect a significant impact of BMI on any
of our other heritability estimates, i.e., mean components
models which included a term for BMI provided similar
estimates of heritability as those models which did not.

Watanabe et al.



Table 5. Lipid and blood pressure results (mean = SD, median, number of subjects)

Total cholesterol ~ HDL cholesterol ~ Triglycerides Systolic BP Diastolic BP
mM mM mM mm Hg mm Hg
No medication exclusion
Index cases 5.80+1.21 1.10£0.32 2.38+1.74 151.4+22.1 85.3+11.2
5.65 1.05 1.99 149 84
172 172 172 172 172
Unaffected 5.84+1.05 1.34+0.37 1.44+0.67 144.6+21.1 84.9+11.1
spouses 5.74 1.29 1.26 141 83
156 156 156 153 153
Unaffected 5.12+£1.00 1.27+0.31 1.33+£0.81 125.4+13.8 79.2+10.0
offspring 5.00 1.23 1.03 124 78
441 441 441 448 448
Medication exclusion
Index cases 5.80x1.15 1.13+£0.33 2.11£1.12 142.0+20.1 82.8+10.7
5.69 1.09 1.86 142 83
137 137 137 52 52
Unaffected 5.85+£1.04 1.35+£0.37 1.44+0.67 141.7+£21.3 83.0£10.2
spouses 5.72 1.29 1.25 140 82
153 153 153 110 110
Unaffected 5.11£1.00 1.27+0.31 1.33£0.81 125.0+13.4 79.0£9.9
offspring 5.00 1.24 1.03 124 78
440 440 440 435 435
Table 6. Heritability estimates (% SE) for FSIGT-derived quantitative traits
Trait Corrected for ascertainment Not corrected
; . . = for
proportion of trait variability h2, % p value ascertainment
covariates polygenes environment h2, %
% % %
Sg 7.3 17.0 75.7 18.3£8.7 0.0395 18.9£8.5
St 27.3 20.1 52.6 27.7£8.1 0.0021 27.8+9.0
AIR 4.8 33.6 61.6 35.3+8.1 <0.0001 35.3+£8.7
DI 8.1 21.5 70.4 23.4+83 0.0048 21.3+84

Therefore, we report results only for models that include
BMI as a measured covariate. Also, we did not detect any
difference in heritability estimates from analyses using all
individuals and analyses excluding individuals taking
medications with the exception of fasting plasma glucose
where exclusion of subjects taking medications known to
affect the glucose concentration resulted in an increase in
our heritability estimate (see below). For all other traits
we report results from analyses which include all individ-
uals so as to maximize statistical power.

Familiality of Quantitative Metabolic Traits
in Finnish Families with NIDDM

Heritability estimates for FSIGT-derived quantitative
traits are shown in table 6. We did not detect a significant
dominance variance component for any of the FSIGT-
derived traits. This is consistent with our observation of
similar parent-offspring and sibling-sibling correlations
for these variables (data not shown). A small proportion
(<10%) of the total variance in Sg and DI is accounted for
by gender, age, and BMI, with an additional 20% ac-
counted for by genes. Thus, about one-third of the vari-
ance in these two quantitative traits is accounted for by
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Table 7. Heritability estimates (+ SE) for

other quantitative traits Trait Correct.ed for Not cor.rected for

ascertainment ascertainment

h2, % p value h2, % p value
Fasting glucose 8.4+3.2 0.0014 63.8+7.5 <0.0001
2-Hour glucose 14.1£6.7 0.0181 17.6£8.0 0.0136
Fasting insulin 23.0+5.2 <0.0001 30.8+£6.8 <0.0001
2-Hour insulin 47.3+8.0 <0.0001 47.6x8.1 <0.0001
Total cholesterol 50.0+6.2 <0.0001 50.9+6.3 <0.0001
HDL cholesterol 44.4+6.1 <0.0001 50.3£6.7 <0.0001
Triglycerides 38.9+6.1 <0.0001 42.1+6.4 <0.0001
Diastolic BP 32.9+6.2 <0.0001 35.5+6.5 <0.0001
Systolic BP 26.0x5.2 <0.0001 29.6+5.8 <0.0001

the combination of measured covariates and unmeasured
genes. The relatively small proportion accounted for by
genes translates into the modest heritability estimates
shown in table 6.

In contrast, while the relative proportion of the total
variance in Sy accounted for by genes is similar to those
for Sg and DI (20.9%), measured covariates account for a
substantially larger proportion of the total variance
(27.3%) resulting in a still modest but somewhat greater
estimate in heritability (27.7%). Of all the FSIGT vari-
ables, AIRg demonstrated the strongest heritability
(35.3%). The measured covariates had minimal impact
on the heritability estimate.

When we recomputed the heritability estimates for
FSIGT-derived quantitative traits without correcting for
ascertainment, the estimates were not different from
when we assigned a value for the index cases (see table 6).
Similarly, assigning different fixed values to the index
cases had essentially no impact on our estimates, suggest-
ing robustness of our findings to ascertainment correc-
tion.

We also estimated heritability for fasting and 2-hour
glucose and insulin concentrations (table 7) for compari-
son with previously reported estimates. We detected a sig-
nificant dominance variance only for fasting glucose (36.8
+ 19.7%; p = 0.0092), consistent with our observation of
higher sibling-sibling than parent-offspring correlation for
fasting glucose values (data not shown). Our narrow-sense
heritability estimate for fasting glucose (8.4 = 3.2%) is
considerably lower than previously published values,
which range from 25-40% [8, 9], although addition of the
genetic dominance term resulted in a broad-sense herita-
bility of 45.2%. When we recomputed the heritability esti-
mates without correcting for ascertainment, our narrow-
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sense heritability estimate for fasting glucose increased to
63.8 £ 7.5% and there was no longer evidence for a domi-
nance variance component. Heritability estimates for
2-hour glucose and both fasting and 2-hour insulin did not
change appreciably when ascertainment correction was
ignored (see table 7). When subjects taking medications
known to affect the plasma glucose concentration were
excluded from the analysis (156 index cases, 2 spouses,
and 2 offspring), the narrow-sense heritability estimate
for fasting glucose was 31.6 = 7.7% (p < 0.0001). The
heritability estimate for 2-hour glucose increased to 23.9
£ 9.1% (p = 0.0033). Our heritability estimates for fast-
ing and 2-hour insulin concentrations did not change
appreciably when subjects taking medications known to
affect insulin were excluded from the analyses.

Finally, we estimated heritability for lipids and blood
pressure (table 7). We did not detect a significant domi-
nance variance component for any of these traits. Our
heritability estimates are similar to previously published
values for these traits [26-30].

Discussion

Identification of genes for NIDDM using classical
methodology is complicated by the complex nature of this
disease. It is probable that NIDDM is the result of multi-
ple genes of modest effect, rather than a small number of
genes of large effect [31]. Therefore, qualitative linkage
approaches may be usefully supplemented by quantita-
tive trait linkage approaches to identify genes for
NIDDM. In addition, once linkage for NIDDM is identi-
fied, information regarding NIDDM-related quantitative
traits may help elucidate the mechanisms of gene action.

Watanabe et al.



Because the classic diagnostic criteria for NIDDM are
based on glucose measurements, many investigators have
examined the familiality of fasting glucose to provide fur-
ther evidence for a genetic basis for NIDDM [8, 9, 30].
Although significant estimates of heritability have been
reported for fasting glucose, it is important to keep in
mind that glucose concentration represents the net inte-
grated effect of multiple metabolic defects and environ-
mental factors. Thus, if the traits which determine the glu-
cose concentration in and of themselves exhibit famil-
iality, then they may reveal important clues for genetic
susceptibility for NIDDM.

Although numerous groups have examined the herita-
bility of various NIDDM-related quantitative traits in a
variety of populations [8-12, 26-30, 32, 33], to our
knowledge all these traits have not been examined simul-
taneously in a single cohort. We report significant, but
modest heritabilities for a wide range of NIDDM-related
quantitative traits in nondiabetic spouses and offspring of
affected sibling pairs in our Finnish families.

Our observations of modest heritabilities for these
NIDDM-related quantitative traits suggest that while
these traits may have a genetic determinant, other factors
such as measurement error and/or environmental factors
play a greater role in the determination of these pheno-
types. This would suggest that detection of NIDDM-relat-
ed trait loci using quantitative trait linkage methods
might be difficult. Our heritability results would seem to
be consistent with the hypothesis that NIDDM may be
determined by multiple genes of small effect [31] and the
integrated effect of these traits is what determines disease
penetrance.

We recognized that our ascertainment scheme could
result in a biased estimate of heritability and therefore
render our results incomparable to estimates derived
from randomly selected populations. We therefore cor-
rected for our nonrandom sampling by conditioning on
the trait value of the index case and repeated our analyses
ignoring ascertainment. For all the traits we examined,
with the exception of fasting glucose, correcting for ascer-
tainment resulted in slightly higher estimates of heritabili-
ty, but not significantly different from the uncorrected
estimates.

Our estimate of narrow-sense heritability for fasting
glucose was substantially lower than previous estimates
from nondiabetic populations [8, 9, 30]. When ascertain-
ment correction was not performed, this estimate in-
creased from 8.4 to 63.8% (table 7). One plausible reason
for this behavior is the apparent lack of homogeneity in
the variance of fasting glucose among the index cases,

Familiality of Quantitative Metabolic Traits
in Finnish Families with NIDDM

spouses, and offspring. The variance components ap-
proach we used assumes homogeneity of variance across
the groups studied. After logarithmic transformation, in-
dex cases have a 6-fold higher variance in fasting glucose
(0.116) compared to spouses (0.019) and a 9-fold higher
variance compared to offspring (0.012). The higher vari-
ance in fasting glucose concentrations in the index cases
might be attributable to their disease status and to the fact
that the majority of these subjects were undergoing treat-
ment for NIDDM. When we repeated the analyses ex-
cluding subjects taking medications known to affect glu-
cose concentrations, our estimate of heritability for fast-
ing glucose was similar to previously published values
(31.6 £ 7.7%). We did not observe large heterogeneity of
variance for the other quantitative traits.

For FSIGT-derived traits we did not phenotype the
index cases and thus utilized an approximate ascertain-
ment correction (see Methods). To assess the likely effect
of our ascertainment scheme on our heritability estimates
for S, we carried out a computer simulation in which we
generated samples of 200 families under the polygenic
model described in the Methods. Data kindly provided by
the Insulin Resistance Atherosclerosis Study (IRAS) were
used to estimate the probability of having diabetes for a
given simulated S; value. The IRAS study assessed S; in a
large cohort covering the entire spectrum of glucose toler-
ance [34] that allowed us to estimate these probabilities.
For each member of the stimulated families, diabetes sta-
tus was determined probabilistically; based on their simu-
lated trait values and the estimates obtained from the
IRAS data.

Samples of 200 simulated nuclear families in which the
father was affected and the mother and three offspring
were unaffected were then ascertained and analyzed using
the variance components method described in the Meth-
ods. Trait information on the index case was excluded
and random sampling was assumed for the analysis. Giv-
en true narrow-sense heritabilities of 20 and 40%, we
obtained average heritability estimates of 14.5 = 6.5 and
27.8 £ 7.0% for 1,000 replications each, respectively.
Thus, our simulation results suggest that our estimates of
heritability are likely to be conservative, in that they
underestimate the true heritability for these traits.

Both S; and AIRG showed modest heritability, despite
defects in these traits being known hallmarks of NIDDM.
We also examined glucose effectiveness, which is hypoth-
esized to play an important role in the transition from
impaired glucose tolerance to NIDDM [13, 35]. Heritabil-
ity for this trait was less strong than that for S; and AIRg.
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The fact that AIRg showed the highest heritability
among these traits is noteworthy since it has been hypoth-
esized that factors operating on B-cells may be primarily
responsible for NIDDM in the Finnish population [36]. It
is noteworthy that we also observed relatively higher heri-
tability for 2-hour insulin (47.3%) as compared to fasting
insulin (23.0%) in our subjects. Coupled with our obser-
vation for significant heritability for AIRg, this suggests
that examination of stimulated insulin responses can pro-
vide significant clues for identification of genes for
NIDDM. There is some supporting evidence from the
recent report of Mahtani et al. [37]. In their initial genome
scan, Mahtani et al. did not find significant evidence for
linkage with markers along the genome in their complete
sample of 26 Finnish families. However, when they strati-
fied families based on the 30-min insulin response from
the OGTT, they found evidence for a susceptibility locus
on chromosome 12 in those 6 families with the lowest
insulin response.

Reports from clinical and epidemiologic studies sug-
gest that correcting insulin secretion for the existing level
of insulin resistance may be a more sensitive index of -
cell dysfunction than insulin secretion itself [16, 20, 38].
We therefore used the disposition index, first described by
Bergman et al. [16], as an index of resistance corrected
B-cell function to see if this trait exhibited greater herita-
bility. However, our heritability estimate for the disposi-
tion index was lower than those for S; or AIRG alone.

The group studying the Pima Indians was the first to
attempt to characterize the familiality of diabetes-related
metabolic phenotypes [10, 14, 39]. Recently, Sakul et al.
[12] reported heritability estimates from the Pima Indian
population for quantitative measures of body fat, insulin
resistance, and insulin secretion. Based on a sample of
509 nondiabetic Pima Indians, they reported significant
heritability for insulin resistance (49%), AIRg (80%), and
percent body fat (76%). These estimates are markedly
higher than those we obtained from our Finnish families.

There are several possible reasons that might explain
the differences in heritability estimates between the FU-
SION sample and the study by Sakul et al. [12]. The popu-
lation prevalence of NIDDM in adult Pima Indians
exceeds 50%, compared to ~ 5.8% for the overall US pop-
ulation from 1991-1993 [7], ~ 5% for the middle-aged
Finnish population [40], and up to 20% in elderly Finns
[41]. The large difference in prevalence of disease suggests
that the genetic architecture of disease may differ in the
two populations.

Another difference between our study and that of
Sakul et al. is the differential impact of adiposity on heri-
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tability estimates. Sakul et al. reported lower heritability
estimates when percent body fat, a common and highly
heritable trait itself, was included in their models. This is
in contrast to our results where BMI had almost no impact
on our heritability estimates. The differential impact adi-
posity had on the heritability estimates between our two
studies suggest that adiposity may play a greater genetic
role in NIDDM, or at least in NIDDM-related quantita-
tive traits, in Pima Indians than in the Finnish popula-
tion.

Other factors regarding the Pima Indian population
may also contribute to the relatively high heritability esti-
mates observed for the quantitative traits. The Pima pop-
ulation resides in the relatively isolated Gila River Indian
Reservation, which may result in a relatively constant
environment for this population. This would serve to
minimize the relative contribution of environmental fac-
tors to the total variance of the trait, thus increasing the
estimate of heritability. Also, the relative isolation of the
Pima Indian population raises the possibility of greater
inbreeding, which might also affect heritability esti-
mates.

It is interesting to note that Sakul et al. computed mul-
tiple AIR indices for sequential time points following the
infusion of glucose and noted a progressive increase in
their heritability estimates (43% at 3 min up to 80% at
10 min). Therefore, we estimated heritability for an addi-
tional AIRg index using the same 2-point difference
method, choosing the time point from our FSIGT (8 min)
coming closest to that which gave Sakul et al. their maxi-
mum heritability estimate. Our heritability estimate for
this new AIRG index was 39.4 £ 8.8%, not much differ-
ent from our original estimate of 35.3% using the inte-
grated response. We further examined the 22-min insulin
sample which provided the peak response following the
tolbutamide injection at 20 min. The 2-point AIRG com-
puted using this sample gave a heritability estimate of
41.4 £ 9.1%, again similar to our original estimate. Thus,
we do not observe this temporal phenomenon in AIRg
heritability.

In summary, we assessed familiality for a wide variety
of NIDDM-related quantitative metabolic traits in a sam-
ple of nondiabetic spouses and offspring of Finnish
affected sibling pairs using a variance components ap-
proach. We found evidence for significant, but modest,
heritability for glucose effectiveness, insulin sensitivity,
acute insulin response, and the disposition index. Consis-
tent with the hypothesis that insulin secretion may be a
critical factor in the pathogenesis of NIDDM in Finland,
acute insulin response had the highest heritability among
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the FSIGT-derived quantitative traits. We did not detect
any appreciable impact of BMI on our estimates of herita-
bility, despite the fact that BMI itself was highly herita-
ble.
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