
Abstract

Aims/hypothesis. Family and twin studies have report-
ed different estimates of the relative contribution of
genetic and environmental factors to the quantitative
traits glucose tolerance, insulin secretion, and insulin
sensitivity. Our aims were to estimate these relative
influences in a large sample of twins from the popula-
tion and to assess the effect of age.
Methods. In this population-based, cross-sectional study
we gave an oral glucose tolerance test to 317 women
and 290 men who were same-sex healthy twin pairs
between 18 to 67 years of age. The genetic, common
environmental and individual environmental variance
components for fasting and 120-min glucose and for
fasting and 30-min insulin as well as the linear effects
of age on these components were estimated by multi-
variate analysis (using the software FISHER).
Results. In women and men the heritability for fasting
glucose was 12 and 38%, for 120-min glucose it was

38 and 43%, for fasting insulin it was 54 and 37%, and
for 30-min insulin it was 57 and 47%, respectively.
Under the assumption of no non-additive genetic 
effects (no intra- or inter-gene interaction) there was
no strong evidence for common environmental effects,
barring significant effects for fasting glucose in 
women. Heritability decreased with age for 120-min
glucose in women and fasting insulin in men, whereas
it increased for 120-min glucose in men.
Conclusion/interpretation. This study indicates a 
limited additive genetic influence on the result of 
an OGTT, possibly with sex-specific age effects, and
generally little or no influence of the common en-
vironment. Accordingly, there is a considerable indi-
vidual environmental variation. [Diabetologia (2003)
46:1276–1283]
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been in the range between 0 to 39% [1, 2, 3], whereas
the estimates for indices of insulin secretion and insu-
lin sensitivity have been somewhat higher, 28 to 65%
[4, 5]. Segregation analyses have provided evidence
for a major gene effect on both fasting and 1-h insulin
[6]. Segregation at a major gene was also suggested for
fasting insulin by using commingling analysis [7].

The discrepant heritability estimates from family
studies could be due to the limitation that similarity
between members of a pedigree can only distinguish
between effects of shared genes and shared environ-
ment by the use of strong untested assumptions. Fur-
thermore, these ‘heritabilities’ reflect only the com-
mon set of genes influencing glucose and insulin con-
centrations through the age range considered.

In family studies varying heritability estimates have
been obtained for the quantitative traits glucose toler-
ance and indices of insulin secretion and insulin sensi-
tivity. Heritability estimates for glucose measures have



or a 120-min blood glucose concentration greater than
11.1 mmol/l the twin pair as such was excluded. Zygosity of
twins was established using nine polymorphic DNA-based 
microsatellite markers with the PE Applied Biosystems 
AmpFISTR Profiler Plus Kit (Perkin Elmer, Foster City, Calif.,
USA). The study was approved by the regional ethics commit-
tee and conducted according to the principles of the Helsinki
Declaration.

OGTT. Subjects underwent a standardised 75-g OGTT after a
10- to 12-h overnight fast. Capillary blood and peripheral 
venous blood samples were taken before oral glucose inges-
tion, and 30 and 120 min later. Capillary blood glucose con-
centrations were analysed by the glucose dehydrogenase oxi-
dation method. In a blood glucose range of 4 to 10 mmol/l 
intra-assay coefficient of variation (CV) was 2.0% and inter-
assay CV was 2.2%. Serum insulin concentrations were mea-
sured using a two-site, two-step, time-resolved immunofluoro-
metric assay (DELFIA, Turku, Finland) [15]. Cross-reactivities
with proinsulin, C-peptide and Des(31,32)-split product in the
insulin assay were all less than 0.4%. In a serum insulin range
of 15 to 70 pmol/l intra-assay CV was 4.2% and inter-assay
CV was 4.9%.

As indicators of glucose tolerance, fasting and 120-min glu-
cose concentration values were used. As indicators of peripher-
al insulin sensitivity and insulin secretion, fasting and 30-min
insulin concentration values were used, respectively.

Statistical analysis. Analyses of twin studies assume that intra-
pair variance of MZ twins is due to environmental factors and
measurement errors, whereas intra-pair variance in DZ twins is
additionally augmented by inter-individual variation in genetic
factors. The intra-pair variance due to the influence of the en-
vironment can be partitioned into environmental factors shared
by the twins during intra-uterine life and early childhood
(common environmental variance) and environmental factors
specific for each twin (individual environmental variance). It is
assumed that common environmental factors are shared to a
similar extent by MZ and DZ twins. Comparison of the corre-
lation of the trait of interest in MZ twin pairs with that in DZ
twin pairs can therefore provide a means of partitioning ob-
served variation into genetic, common environmental and indi-
vidual environmental variance components. The heritability is
the proportional contribution of genetic variance to total (phe-
notypic) variation in the trait, and expressed by a ratio between
0 and 1. Simultaneous estimation of additive genetic variance,
non-additive genetic variance (due to intra-gene interactions,
dominance, and to inter-gene interactions, epistasis), and com-
mon environmental variance is not possible because of con-
founding between their effects [16]. In this study, the tendency
for DZ correlations to be about half or more than half of the
MZ correlations led to the consistent use of a model partition-
ing the total phenotypic variance (Vp) into additive genetic
(Va), common environmental (Vc), and individual environmen-
tal variance (Ve), the latter including variance due to measure-
ment errors. Hence, we have ignored variation due to non-ad-
ditive effects [17]. However, our results do not rule out such
effects.

The covariance between the observations on a pair of twins
(Y1,Y2) is,

where k=1 is for MZ pairs and k=1/2 for DZ pairs. For any trait,
demonstration of a statistically significant difference in covari-
ance, and hence in correlation between MZ twin pairs and DZ
pairs, is consistent with a genetic determination of variation in
the trait.
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Based on the assumption that twin pairs, regardless
of zygosity status, are equally influenced by the shared
environment, twin studies are suitable for disentan-
gling the genetic and common environmental effects.
The equal age within-pairs and different ages between-
pairs make them also suitable for studies of age effects
on the genetic and environmental influences.

Previous twin studies of glucose tolerance and in-
sulin secretion and insulin sensitivity have generally
been based on samples that were either small, select-
ed, or including subjects with Type 2 diabetes, and the
age groups considered have been in the older adult
age range. The heritability estimates from these stud-
ies were 38 to 50% for fasting glucose [8, 9], 46 to
88% for 1-h to 2-h post-load glucose [10, 11], 14 to
53% for fasting insulin [9, 10], and 47% for 30-min
insulin [8]. However, two large studies of non-diabetic
female twin pairs have been carried out for fasting 
insulin, both showing a heritability of about 50% [7,
12]. Using the euglycaemic clamp technique on a very
small sample of twins (41 pairs) a heritability of 37%
for insulin sensitivity and 55% for insulin secretion
was estimated [13].

We have assessed the genetic and environmental
influences on fasting and 120-min blood glucose con-
centrations and on fasting and 30-min insulin concen-
trations as measured in a large population-based sam-
ple of adult female and male twin pairs not suffering
from diabetes or cardiovascular disease. Furthermore,
we have investigated the relative influence of genes
and common environment as a function of age.

Subjects and methods

Subjects. This study is part of a twin study of the metabolic
syndrome and related components (GEMINAKAR) for which
subjects were identified through the population-based Danish
Twin Registry [14]. A mailed questionnaire was sent to a total
of 2099 same-sex twin pairs, all alive and living in Denmark
according to civil registry records. The questionnaire included
information about the exclusion criteria of the study, i.e. preg-
nancy, breastfeeding, known diabetes or cardiovascular dis-
ease. In 465 pairs at least one of the twins did not want to par-
ticipate, and in 754 twin pairs at least one of the twins did not
answer the questionnaire. If one twin partner in a pair did not
respond or was not willing to participate, the pair as such was
excluded. In 880 pairs both twins answered positively to the
questionnaire. Either based on their written replies or on tele-
phone interviews, 116 pairs were excluded due to the above
mentioned exclusion criteria to various other diseases or condi-
tions preventing them from completing a bicycle test, which
was part of the examination. A remaining group of 386 mono-
zygotic (MZ) and 378 dizygotic (DZ) pairs were willing and
able to participate. To get an equal distribution of twin pairs
along the age span in the different zygosity groups, sampling
from this group was stratified according to age and sex. A total
of 621 twin pairs between 18 to 67 years of age underwent an
OGTT. To avoid residual confounding of undiagnosed disease,
exclusion criteria based on the measured blood glucose con-
centrations were as follows: if one or both twins in a pair had a
fasting blood-glucose concentration greater than 6.7 mmol/l 
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Models were fitted by maximum likelihood assuming the
multivariate normality of the observations [16], using the soft-
ware FISHER (available at: http://www.biomath.medsch.ucla.
edu/faculty/klange/software.html) [18]. This allows simulta-
neous modelling of the mean effects, the variances, covarianc-
es, and variance components as functions of measured covaria-
tes as well as the selection of parsimonious models by refer-
ence to the likelihood ratio criterion [16]. For all traits, an
overall mean and a linear regression on age were fitted. Tests
of assumptions and outliers were carried out [19, 20]. To yield
approximately normal distributions with reasonable size of
variances logarithmical transformation and multiplication by
10 were done for all variables. Under the asymptotic-likeli-
hood theory, standard errors were estimated. Statistical signifi-
cance was defined by a nominal p value of 0.05 or less.

Differences in parameter estimates between the sexes were
tested using the estimates and their asymptotic standard errors.
The test statistic was the ratio of the difference between the 
estimates and the standard error of that difference, which is 
asymptotically distributed as a normal distribution under the
null hypothesis that the parameters are the same in male and
female subjects.

In addition to the standard partitioning of variation, total
variation and (co)variance components were modelled as linear
functions of age using FISHER [18, 20]. If t is the age of a 
particular twin pair, then the model for the (co)variances was,

and

For each of the variance component x (x=a, c, e), the variance
is,

The intercept was chosen at the age of the youngest twin pairs
in the data (18 years). For the total and each of the three vari-
ance components, an age-dependent variance model was se-
lected if: (i) bx was significant and (ii) the maximum likelihood
of the model was significantly different (twice difference in
log-likelihood >3.84) from a model without age dependence. A
linear function is likely to be robust to outliers and is expected
to detect an increasing or decreasing trend.

Results

Based on the exclusion criteria for fasting and 120-
min blood glucose concentrations, 14 diabetic twin
pairs were excluded from the statistical analysis. A
complete OGTT was not obtained in 36 of the remain-
ing 607 twin pairs due to either one of the twins being
indisposed, problems of phlebotomy, or due to errors
in the laboratory. Descriptive data of the 607 remain-
ing pairs showed no differences in means between
women and men (Table 1). Except for women’s fast-
ing glucose, the differences in MZ and DZ correla-
tions were significant (Table 2). The individual envi-
ronmental variance component (Ve) accounted for at

Table 1. Descriptive statistics of the twin sample

Phenotype Women Men

Number Mean (SD) Number Mean (SD)

Age (years) 634 37.4 (10.4) 580 37.7 (10.9)
Fasting blood glucose (mmol/l) 624 4.7 (0.5) 576 4.8 (0.5)
120-min Blood glucose (mmol/l) 624 6.3 (1.1) 574 5.8 (1.2)
Fasting insulin (pmol/l) 602 37.9 (18.5) 568 36.1 (18.7)
30-min Insulin (pmol/l) 604 319.4 (175.5) 566 301.4 (194.9)

Table 2. Correlations and variance components with standard errors (SE) of age-adjusted glucose and insulin values

Phenotype Correlations(SE) Variance components (SE)

MZ DZ Va Vc Ve

Fasting glucose (loge, ×10)
Women 0.42a (0.06) 0.36a (0.07) 0.10b (0.15) 0.26b (0.13) 0.50b (0.06)
Men 0.56 (0.05) 0.37 (0.08) 0.37b (0.18) 0.18b (0.16) 0.43b (0.05)

120-min Glucose (loge, ×10)
Women 0.41 (0.07) 0.23 (0.07) 1.07 (0.55) 0.11 (0.43) 1.65b (0.19)
Men 0.43 (0.07) 0.21 (0.08) 1.81b (0.31) 0 2.38 (1.45)

Fasting insulin (loge, ×10)
Women 0.57 (0.06) 0.30 (0.06) 12.03 (3.81) 0.68 (3.05) 9.48 (1.15)
Men 0.38 (0.07) 0.20 (0.08) 8.88 (4.87) 0.07 (3.83) 14.26b (1.69)

30-min Insulin (loge, ×10)
Women 0.57 (0.06) 0.28 (0.07) 14.33 (4.35) 0.08 (3.51) 10.76 (1.30)
Men 0.57 (0.06) 0.33 (0.07) 14.74 (5.46) 2.88 (4.54) 13.55 (1.63)

Bold indicates significant values
a No significant difference between MZ and DZ correlations; b Increasing with age
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least 40% of the total phenotypic variance (i.e. the
sum of the three variance components) indicating that
the influence of the individual environment including
measurement error is considerable for all traits 
(Table 3). There were no statistically significant dif-
ferences between women and men in additive genetic
and common environmental influences.

Tested as linear functions of age, total phenotypic
variances of fasting and 120-min glucose values in
both sexes and of fasting insulin in men increased
with age. For fasting insulin in women and 30-min in-
sulin in both sexes, age dependency was found neither
for the total phenotypic variance nor for any of the
variance components.

Fasting and 120-min glucose. The heritability esti-
mate for 120-min glucose in women, and for fasting
and 120-min glucose in men were about 40% with no

evidence of common environmental effects (Table 3).
In women, fasting glucose showed only little evidence
for additive genetic effect, whereas a common envi-
ronmental effect of about one third of the total vari-
ance was found.

The increase in total phenotypic variance of fasting
glucose with age in both sexes was due to increases in
all three variance components, but the relative contri-
bution of each variance component did not change
with age. For 120-min glucose in women, the increase
in total variance with age was due to an increase in 
the individual environmental component (Fig. 1A), re-
sulting in a decrease in the proportion of genetic vari-
ance, i.e. a decrease in the heritability (Fig. 1B). For
120-min glucose in men, the increase in total variance
with age was due to an increase in the additive genetic
component (Fig. 2A), resulting in an increase in 
heritability (Fig. 2B).

Fasting and 30-min insulin. The heritability for fast-
ing and 30-min insulin was about 55% in women and
somewhat lower in men where the heritability for fast-
ing insulin did not reach statistical significance. Fur-
thermore, the increase in total variance with age for
fasting insulin in men was due to an increasing influ-
ence of the individual environmental component
(Fig. 3A), resulting in a decrease in heritability with
increasing age (Fig. 3B).

Table 3. Proportions of variance components with 95% confidence intervals

Phenotype Additive genetic Common environmental Individual environmental 
Va (CI95) Vc (CI95) Ve (CI95)

Fasting glucose (loge, ×10)
Women 0.12 (0.00–0.47) 0.30 (0.02–0.57) 0.58 (0.46–0.70)
Men 0.38 (0.03–0.73) 0.18 (0.00–0.49) 0.44 (0.34–0.54)

120-min glucose (loge, ×10)
Women 0.38 (0.01–0.75) 0.04 (0.00–0.33) 0.58 (0.44–0.72)
Men 0.43 (0.31–0.55) 0 0.57 (0.45–0.69)

Fasting insulin (loge, ×10)
Women 0.54 (0.23–0.85) 0.03 (0.00–0.30) 0.43 (0.31–0.55)
Men 0.37 (0.00–0.78) 0.01 (0.00–0.32) 0.62 (0.48–0.76)

30-min Insulin (loge, ×10)
Women 0.57 (0.47–0.67) 0 0.43 (0.33–0.53)
Men 0.47 (0.14–0.80) 0.09 (0.00–0.38) 0.44 (0.32–0.56)

Bold indicates significant values

Fig. 1. Age functions of variances and variance proportions for
120-min glucose in women. A Additive genetic variance (bold,
solid line), common environmental variance (solid line, close to
zero), individual environmental variance (dashed line), and 
total phenotypic variance (dotted line) as linear functions of
age. Va(age)=1.02, Vc(age)=0.14, Ve(age)=1.09+0.03*(age−18).
B The proportion of additive genetic variance (bold, solid line)
and common environmental variance (solid line, close to zero)
as linear functions of age
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Discussion

The influence of genes on the variation in glucose tol-
erance, insulin secretion, and insulin sensitivity was
rather limited. Under the assumption of no non-addi-
tive genetic effect there was no strong evidence for
common environmental effect except for the effect on
women’s fasting glucose. Accordingly, there was a
considerable individual environmental effect. As mea-
surement error is included in the individual environ-
mental effect, a precise estimate of the influence of
environmental factors with putative influence on the
development of Type 2 diabetes cannot be obtained.

Even with this twin study being the largest on glu-
cose and insulin measurements from an OGTT in both
sexes, it was difficult to obtain precise estimates of
variance components. In spite of sex-specific age dif-
ferences for some of the variance components, differ-
ences in parameters between women and men were
not detected. Furthermore, large confidence intervals

Fig. 2. Age functions of variances and variance proportions for
120-min glucose in men. A Additive genetic variance (bold,
solid line), common environmental variance (solid line, close 
to zero), individual environmental variance (dashed line), and
total phenotypic variance (dotted line) as linear functions of

age. Va(age)=0.60+0.05*(age−18), Vc(age)=0.17, Ve(age)=2.40.
B The proportion of additive genetic variance (bold, solid line)
and common environmental variance (solid line, close to zero)
as linear functions of age

Fig. 3. Age functions of variances and variance proportions for
fasting insulin in men. A Additive genetic variance (bold, solid
line), individual environmental variance (dashed line), and to-
tal phenotypic variance (dotted line) as linear functions of age.
Va(age)=9.15, Ve(age)=7.67+0.33*(age−18). B The proportion
of additive genetic variance (bold, solid line) as a linear func-
tion of age

of estimates are observed because precise estimation
of variance components (and their ratios) requires
much larger samples than, for example, the estimation
of fixed effects and covariates. However, the pattern
of the present and previous results combined could
suggest an interpretation of the actual estimates,
which is most likely to reflect the underlying true 
values. Heritability estimates obtained from analysing
data on women and men separately, and particularly
the differential changes with age within the two sexes,
do suggest that the influences of genes on the respons-
es to the OGTT are not the same in the two sexes and
that the genetic influence can change with ageing. For
glucose tolerance, men tended to be under more ge-
netic influence than women, with an increasing influ-
ence in men and a decreasing influence in women
with advancing age. The genetic influence on the indi-
ces of insulin secretion and sensitivity appeared more
pronounced in women than in men, in whom there,
moreover, was a decreasing genetic influence on fast-
ing insulin with age.

However, the interpretation of the significant 
effects of age on the relative influence of genes, com-
mon environment, and individual environment for
120-min glucose in both sexes and for fasting insulin
in men is not straightforward. Due to the cross-sec-
tional design, cohort effects and age-specific recruit-
ment bias cannot be ruled out. Especially cohort effect
could be of importance in this study comprising sub-



jects born before and after World War II. However,
even if there were cohort differences in means and/or
variances this might not be reflected in the genetic 
architecture of the traits, i.e. in the estimates of the 
genetic contribution to the total variance.

It cannot be excluded that the significant age ef-
fects could be caused by departures from the average
findings comparing many variables, or on the con-
trary, that the sample is too small to show all ‘true’
age effects. The rather large confidence intervals for
the variance components could indicate that an even
larger sample size could be needed for analysing the
effect of age in a cross-sectional study. On the other
hand, confident findings of absence of age effects
does not exclude that different genes or different envi-
ronmental exposures could be active at different ages
with the same net effect on the phenotype [21].

Our results should be interpreted in the light of the
findings for Type 2 diabetes. Type 2 diabetes is con-
sidered to be a multifactorial trait [22]. The genetic
contribution to Type 2 diabetes is best explained by a
polygenic model of inheritance, where the risk for sib-
lings of affected individuals are about 3.5 times the
risk for the general population [23]. The wide varia-
tion of prevalence among different ethnic groups, e.g.
Pima Indians have a prevalence of about 50%, could
suggest genetic differences, which is further supported
by a decrease in prevalence as genetic admixture with
Caucasians increases [24].

On the other hand, apparently inconsistent results
have been obtained from studies of concordance rates
for diabetes and glucose intolerance in MZ and DZ
twins. Most studies have found higher concordance
rates for diabetes for MZ than for DZ twins [25, 26,
27]. In contrast, a Danish twin study showed no sig-
nificant difference between the concordance rates for
MZ and DZ twins [8]. However, when glucose intoler-
ance was included in the phenotype, the concordance
rate was higher for MZ twins than for DZ twins. 
Model-fitting analyses estimated a heritability of 26%
(CI95: 0–85%) for Type 2 diabetes and a heritability of
61% (CI95: 39–78%) for glucose intolerance [8]. In a
Finnish twin study, model-fitting analysis showed a
heritability for Type 2 diabetes of 69% in men and
38% in women, who were also under the influence of
common environmental factors, accounting for 37%
of the total variance [26]. Division of the study sample
into four age-by-sex groups showed that in women
who were 28 to 59 years of age the concordance rates
were zero in both zygosity groups, whereas in men
and in women older than 60 the concordance rates
were much higher for MZ than for DZ pairs [26]. The
findings in these studies suggest that the genetic influ-
ence on Type 2 diabetes is less than on glucose intol-
erance, and that the genetic influence is weaker and
the common environmental influence is stronger in
pre-menopausal women than in men and post-meno-
pausal women.

Since Type 2 diabetes and glucose intolerance are
considered to be the results of a multi-factorial pro-
cess, it is relevant to question if the genetic and envi-
ronmental influences are shared between the compo-
nents of the OGTT response. A study tested 209 twin
pairs for pleiotropic effects (two or more phenotypes
being under the influence of the same set of genes) on
fasting glucose and fasting insulin [9]. They found
that the covariance between glucose and insulin could
be explained only by individual environmental fac-
tors, and therefore, the genetic correlation between
glucose and insulin equalled zero. Although no confi-
dence intervals were given for the genetic correlation,
it encouraged separate interpretation of the compo-
nents of the OGTT responses in our study.

Two previous twin studies have estimated a herita-
bility for fasting glucose of 38% and 50%, respective-
ly [8, 9]. In the first study, subjects with Type 2 diabe-
tes were included in the quantitative trait analysis. In
the second study, a sample of 209 twin pairs (includ-
ing opposite-sex pairs) were divided into five sex-
by-zygosity groups, and one model was fitted with 
simultaneous estimation of additive genetic and indi-
vidual environmental effect without sex difference for
fasting glucose and insulin.

Our study on fasting glucose in non-diabetic sub-
jects showed some influence of genes in men and only
little influence in the women, most of whom were in
the pre-menopausal age range. There was a common
environmental influence, which was greater and sig-
nificant in women. These findings are in agreement
with the results of the Finnish twin study of Type 2 
diabetes [26]. Taken together, the results suggest a 
minor role for genes and a role for common environ-
ment in women in the pre-menopausal age range,
whereas in men there is more influence of genes and
less of the common environment. The consistency be-
tween the two studies are particularly important in
view of the demands of statistical power needed to de-
termined an effect of the common environment [28].
The nature of the common environment that has an ef-
fect on women is not known. A twin study found that
eating between the main meals was influenced by ge-
netic factors in men, but by common environmental
factors in women [29].

In a study of 514 male veteran twin pairs at 42 to
56 years of age, the heritability of post-load glucose
(60 min), calculated as h2=2*(rmz−rdz), with rmz and
rdz being the pair-wise correlation for MZ and DZ
pairs, respectively, was 88% [11], but it decreased to
52% in 363 of the twin pairs investigated 10 years 
later [30]. The authors suggested that some of the de-
crease in heritability could be due to an increase in en-
vironmental effects with age. Using the same equation
(h2=2*(rmz−rdz)) on 303 elderly twin pairs, including
subjects with Type 2 diabetes, a heritability of 46%
and 62% in women and men, respectively, was esti-
mated [10]. We found a heritability of the 120-min
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In conclusion, even with this relatively large sam-
ple of twins, it is difficult to obtain precise estimates
of variance components and to detect differences in
parameters between women and men and changes in
parameters with age. Generally, this study suggests
rather limited genetic additive influence on fasting
glucose and insulin and on post-load glucose and insu-
lin concentrations, and no or little influence of the
common environment. There are, however, reasons to
suspect sex-specific effects and sex-specific age ef-
fects. The modest heritability estimates shown in this
study supports the ongoing efforts to prevent Type 2
diabetes by changing the environmental influences,
i.e. recommendations about diet, physical exercise and
smoking.
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