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Abstract

Approximately 12% ofU.S. adults have type 2 diabetes (T2D). Diagnosed T2D is caused by a combination of genetic and environmental factors
including age and lifestyle. In adults 45 years and older, the Discordant Twin (DISCOTWIN) consortium of twin registries from Europe and
Australia showed amoderate-to-high contribution of genetic factors of T2Dwith a pooled heritability of 72%. The purpose of this study was to
investigate the contributions of genetic and environmental factors of T2D in twins 45 years and older in a U.S. twin cohort (Washington State
Twin Registry, WSTR) and compare the estimates to the DISCOTWIN consortium. We also compared these estimates with twins under the
age of 45. Data were obtained from 2692monozygotic (MZ) and same-sex dizygotic (DZ) twin pairs over 45 and 4217 twin pairs under 45 who
responded to the question ‘Has a doctor ever diagnosed you with (type 2) diabetes?’ Twin similarity was analyzed using both tetrachoric
correlations and structural equation modeling. Overall, 9.4% of MZ and 14.7% of DZ twins over the age of 45 were discordant for T2D
in the WSTR, compared to 5.1% of MZ and 8% of DZ twins in the DISCOTWIN consortium. Unlike the DISCOTWIN consortium in which
heritability was 72%, heritability was only 52% in theWSTR. In twins under the age of 45, heritability did not contribute to the variance in T2D.
In a U.S. sample of adult twins, environmental factors appear to be increasingly important in the development of T2D.
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Type 2 diabetes (T2D) is a complex disease that results from an
interaction of genetic and environmental factors (Cornelis &
Hu, 2012; Ribel-Madsen et al., 2012). Once considered a disease
of older age, it is now prevalent in younger age groups, due in part
to poor lifestyle factors such as a decrease in physical activity and
an increase in energy-dense food consumption leading to higher
rates of obesity (Dendup et al., 2018; Kolb & Martin, 2017;
McGavock et al., 2015; Pulgaron & Delamater, 2014; Qi et al.,
2008). Individuals with T2D are more likely to have comorbid
conditions such as hypertension and hyperlipidemia (Lin et al.,
2015), leading to an increase in healthcare costs. An estimated
12.2% of U.S. adults (Centers for Disease Control and Prevention,
2017) have diabetes. Healthcare expenditures for diabetes in
the United States increased 26% between 2012 and 2017 to an
estimated $327 billion dollars per year (American Diabetes
Association, 2018). Given the increasing prevalence and substan-
tial health burden of T2D, investigating the causal factors contrib-
uting to the disease remains an important topic for the scientific
community.

Twin studies have shown a large genetic contribution to T2D
(Carlsson et al., 2013; Condon et al., 2008; Poulsen et al., 2009).
Recently, the Discordant Twin (DISCOTWIN) consortium exam-
ined the contribution of genetics and environment in 34,000 twin
pairs over the age of 45 from seven twin registries in Europe and
one in Australia and found a pooled heritability estimate of 72%
(Willemsen et al., 2015). Using the comparative prevalence for

countries provided by a report of the International Diabetes
Federation, which is calculated by assuming that every country
and region has the same age profile, the prevalence of T2D in
the United States (10.8) is nearly twice the average of the preva-
lence for the eight countries represented in the DISCOTWIN
consortium (5.5) (International Diabetes Federation, 2017).
Elucidating the reasons for this large discrepancy may contribute
to better preventative and treatment efforts in the United States.

The goal of this article was to investigate the contributions of
genetic and environmental factors to the variance of T2D in twins
45 years and older in an active U.S. twin cohort and compare the
estimates with those reported in the DISCOTWIN consortium.
We also compared the variance of estimates from the over 45 twins
with those under 45. Given differences in environmental and
lifestyle factors between the U.S. and European nations and
Australia (Carlson, 2018; Díez et al., 2016; Semyonov et al.,
2013), we hypothesized that (1) heritability would be lower and
the variance attributable to the common and unique environment
in T2D would be higher among U.S. twins over the age of 45 com-
pared to those in the DISCOTWIN consortium, and (2) variance
attributed to the common and unique environment would be
higher in twins under the age of 45 compared to twins over 45.

Methods

Sample

The Washington State Twin Registry (WSTR) is a community-
based registry of twin pairs primarily recruited through
Washington State Department of Licensing (DOL) records
(Afari et al., 2006; Strachan et al., 2013). The WSTR enrolls new
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pairs on a regular basis. All twins complete a questionnaire to
enroll, which includes questions about health history, lifestyle
behaviors and sociodemographic factors. To date, 9107 adult twin
pairs have been enrolled in the Registry. Since 2006, we have col-
lected follow-up data every 2–3 years with more detailed surveys.
Standard questions about childhood similarity were used to classify
twins as identical (monozygotic, MZ) or fraternal (dizygotic, DZ).
When compared to DNA-basedmethods, these questions correctly
determine zygosity with greater than 90% accuracy (Jackson
et al., 2001).

Measures

TheWSTR enrollment survey has asked about a doctor’s diagnosis
of diabetes since 2002, but up until 2013 it did not specify type. All
follow-up surveys have contained a question that asked specifically
about a doctor’s diagnosis of T2D. In theWSTR, 90% of twins who
answered the diabetes question at enrollment without mention of
type reported type 2 in subsequent surveys. Thus, to increase the
sample size, and given that 90–95% of all diabetes diagnoses are
T2D (Qi et al., 2008), we included twin pairs who answered the
nonspecific diabetes question (from earlier enrollment surveys)
in addition to the pairs who answered the question that specified
type (from later enrollment and all follow-up surveys). To ensure
that we used data from the same wave of data collection, we
excluded twin pairs with survey dates more than 2 years apart.
Twin pairs where one or both twins were missing a response to
the diabetes question were excluded. For twin pairs with more than
one time point, the most recent survey completed was used.

Statistical Analyses

All analyses were conducted using R version 3.5.1 (R Core Team,
2017). Selected demographic characteristics were summarized by
means for continuous variables and percentages for categorical
variables. Within-pair tetrachoric correlations of T2D with 95%
confidence intervals (CI) were computed for both MZ and DZ
twins. We constructed structural equation models with 95% CI
using the OpenMx package (Neale et al., 2016) to estimate the
variance in T2D due to additive genetic (A), shared environment
(C) and unique environment (E) factors.

Results

We excluded 1985 opposite-sex twin pairs and 213 twin pairs in
which one or both twins were missing an answer to the diabetes
question, for a final pair N of 6909. We split the data by age (older
or younger than 45), with 2692 pairs over 45 and 4217 pairs under
45. Descriptive statistics are summarized by zygosity and age group
in Table 1. Overall, the WSTR sample had a mean age of 41 years,
was 36% male, 86% non-Hispanic White and had a mean BMI of
25.9. Table 2 summarizes the proportion of within-pair T2D con-
cordance and discordance by zygosity and age group.

Table 3 summarizes the within-pair correlations and estimates
of variance in theWSTR by age group. The within-pair correlation
for MZ twins over the age of 45 was higher (rMZ= .76, 95% CI
[0.69, 0.81]) than in DZ twins (rDZ= .51, 95% CI [0.38, 0.62]),
suggesting a genetic influence on developing T2D. The correlation
for MZ twins was not significantly different from the correlat-
ion reported by the DISCOTWIN consortium, but the correlation
for DZ twins was significantly higher than the pooled correlation
reported by DISCOTWIN (.41, 95% CI [0.37, 0.45]). In the full
ACE model, heritability contributed 52% of the variance, with

shared and unique environment each contributing 24%. Shared
environment was not significant, as the 95% CI contained zero.
However, dropping C did not result in an improvement in model
fit. We examined sex differences and found no significant differ-
ence when parameters were constrained to be equal (p= .36).

Next, we examined correlations and ACE estimates for twins
under 45. The within-pair correlation for MZ twins was slightly
higher (rMZ= .68, 95% CI [0.49, 0.81]) than the correlation for
DZ twins (rDZ= .60, 95% CI [0.31, 0.79]). The best-fitting model
did not include heritability, with shared environment contributing
65% of the variance and unique environment contributing 35%.
Again, we examined sex differences and found no significant dif-
ference when parameters were constrained to be equal (p= .43).
While the best-fitting model for twins under 45 included only C
and E, when we constrained the full ACE model parameters to
be equal for twins over 45 and under 45, we found no significant
difference (p= .77).

Finally, we examined the shared variance between BMI and
T2D, as the increase in T2D prevalence has been associated with
an increase in obesity. The bivariate path models are shown in
Figure 1. In twins over 45, 34% of the variance in heritability
and 5% of the variance in unique environment was shared by
T2D and BMI. In twins under 45, 27% of the variance in shared
environment and 9% of the variance in unique environment was
shared by T2D and BMI.

Discussion

In this study, we found that the heritability of T2D in a sample of
U.S. twins over the age of 45 is substantially lower than that found
in a large sample of twins from several European and Australian
twin cohorts. About half of the variance in T2D in theWSTR sam-
ple is attributable to genetic variance, with the remaining attribut-
able in equal proportions to shared and nonshared environmental
variance. In contrast, six out of nine of the DISCOTWIN cohorts

Table 1. Select demographic characteristics of twin pairs from the WSTR

MZ over
45

DZ over
45

MZ under
45

DZ under
45

Pair N 1682 1010 2922 1295

Mean age (SD) 60.6 (10.4) 61.4 (10.1) 28.7 (7.9) 28.1 (8.0)

Male (%) 36.3 35.3 35.1 35.9

White (%) 90.8 93.6 81.0 85.2

Mean BMI (SD) 27.3 (5.8) 27.2 (5.7) 24.8 (5.2) 25.3 (5.8)

T2D prevalence (%) 9.6 11.2 1.1 1.5

Table 2. Number and percentage of twin-pair concordant and discordant for T2D

Concordant
yes Discordant

Pair N N % N %

MZ over 45 1682 83 4.9 158 9.4

DZ over 45 1010 39 3.9 148 14.7

MZ under 45 2922 8 0.3 48 1.6

DZ under 45 1295 4 0.3 30 2.3
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found that genetics explained well over half of the variance in T2D
(64–79%). This paper also showed that both shared and unique
environment plays a large role in the development of T2D in adults
under the age of 45, with 65% of the variance in T2D attributable to
the shared environment. Thus, the findings support our hypothe-
ses that genetic factors explain a smaller proportion and environ-
mental factors explain a larger proportion of the variance in T2D
among twin adults residing in the United States than twins from
European and Australian cohorts.

Little research has been done exploring the contributions of
genetics and environment on twins with T2D in the United
States. Newman et al. (1987) found that genetic factors were impor-
tant in the development of T2D in a small sample of White male
twins born between 1917 and 1927 identified by military records.
The estimated genetic contribution using the proband concordance
rate was 58%, which is close to the estimate (52%) calculated in our
ACE model. Potential environmental or behavioral factors contri-
buting to glucose tolerance were measured only in discordant MZ
twins, and no significant pairwise differences were found.

One of the purposes of the DISCOTWIN consortium was
to identify the number of T2D discordant MZ pairs who might
be available for in-depth studies to elucidate the epigenetic mech-
anisms and causal environmental factors in disease development
and progression. Across DISCOTWIN cohorts, except for the
Longitudinal study of aging Danish twins (LSADT) (10.5%) and
Murcia twin registry (MTR) cohorts (12.3%), the prevalence of
T2D was lower (2.6–9.6%) than in ourWSTR sample of twins over
45 (10.4%). Not surprisingly, there were fewer discordant MZ
twins across the DISCOTWIN consortium (720 pairs, 5.1%)

compared to the WSTR sample of twins over 45 (158 pairs, 9.4%).
These discordant pairs are available for pooling with other U.S. and
international twin registries to investigate the pathophysiology of
T2D and better elucidate how genetic and environmental factors
differ between regions.

Limitations

The current study has some limitations. Our data are from
self-reports and were not corroborated with further testing, which
could result in measurement bias. To increase the sample size, we
included data from our enrollment survey that did not clarify
diabetes type; 2% of twins reporting diabetes in our final sample
completed only the enrollment survey. While this does contribute
some measurement bias, it is likely a small problem as 90% of
diabetes cases in the WSTR are T2D. Finally, our sample of WSTR
twins is mostlyWhite and of average to higher socioeconomic status.
T2D prevalence is much higher among underserved populations
in the United States such as non-Hispanic Black and Hispanic
individuals (Geiss et al., 2014), and thus our results may not be
generalizable to the larger U.S. population.

Conclusion

In contrast to twins from European and Australian cohorts, we
found a lower contribution of genetics to the variation in T2D,
and a modest contribution from unique environment in twins over
45. We found that genetics did not contribute to the variation in
T2D in twins under 45. Our findings suggest that differences in
environmental factors between U.S. and other populations may

Table 3. Twin correlations and the estimates of variance for A, C and E

Twin correlations Estimates of variance componentsa

Age MZ DZ A C E −2LL AICb p

Over 45 0.76 [0.69, 0.81] 0.51 [0.38, 0.62] 0.52 [0.26, 0.80] 0.24 [0.01, 0.48] 0.24 [0.18, 0.31] – – –

0.78 [0.71, 0.83] – 0.22 [0.17, 0.29] 3.4 1.4 .07

– 0.67 [0.61, 0.73] 0.33 [0.27, 0.40] 15.7 13.7 <.001

Under 45 0.68 [0.49, 0.81] 0.60 [0.31, 0.79] 0.22 [−0.32, 0.83] 0.47 [−0.09, 0.91] 0.31 [0.18, 0.49] – – –

0.72 [0.56, 0.84] – 0.28 [0.16, 0.44] 2.8 0.77 .10

– 0.65 [0.50, 0.77] 0.35 [0.23, 0.50] 0.6 −1.39 .44

Note: The best-fitting and most parsimonious models are shown in bold. 95% CI shown in square brackets.
aProportion of variance due to additive genetics (A), common environment (C) and unique environment (E).
bAkaike’s information criterion (AIC) is a global measure of goodness of fit, with negative values indicating a better fit when compared to the full ACE model.

Fig. 1. Bivariate models showing the standardized path coefficients for additive genetic, shared and unique environmental influences on BMI and T2D in twins over 45 and under
45. Only one twin shown for clarity.
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differentially impact the development and progression of T2D,
such as sedentary lifestyles and poor habitual diets that character-
ize most U.S. adults. Further research should explore the role
of environmental factors to better understand the development,
progression and treatment of T2D.
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