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Abstract
Aims/hypothesis To study the heritability and familiality of
type 2 diabetes and related quantitative traits in families
from the Botnia Study in Finland.
Methods Heritability estimates for type 2 diabetes adjusted
for sex, age and BMI are provided for different age groups of
type 2 diabetes and for 34 clinical andmetabolic traits in 5,810
individuals from 942 families using a variance component
model (SOLAR). In addition, family means of these traits and
their distribution across families are calculated.
Results The strongest heritability for type 2 diabetes was seen
in patients with age at onset 35–60 years (h2=0.69). However,

including patients with onset up to 75 years dropped the h2

estimates to 0.31. Among quantitative traits, the highest h2

estimates in all individuals and in non-diabetic individuals
were seen for lean body mass (h2=0.53–0.65), HDL-
cholesterol (0.52–0.61) and suppression of NEFA during
OGTT (0.63–0.76) followed by measures of insulin secretion
(insulinogenic index [IG30] = 0.41–0.50) and insulin action
(insulin sensitivity index [ISI] = 0.37–0.40). In contrast,
physical activity showed rather low heritability (0.16–0.18),
whereas smoking showed strong heritability (0.57–0.59).
Family means of these traits differed two- to fivefold
between families belonging to the lowest and highest quartile
of the trait (p<0.00001).
Conclusions/interpretation To detect stronger genetic effects
in type 2 diabetes, it seems reasonable to restrict inclusion of
patients to those with age at onset 35–60 years. Sequencing of
families with extreme quantitative traits could be an important
next step in the dissection of the genetics of type 2 diabetes.

Keywords Families . Heritability . Quantitative traits . Type
2 diabetes

Abbreviations
DI Disposition index
GWAS Genome-wide association study
h2 Heritability estimate
HOMA-IR HOMA of insulin resistance
IG30 Insulinogenic index
ISI Insulin sensitivity index
MET Metabolic unit

Introduction

Type 2 diabetes is a multifactorial polygenic disease, which
most likely results from the interaction between several
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genetic and environmental factors. The genetic nature of the
disease is supported by stronger heritability in monozygotic
than in dizygotic twins [1–3], a sibling relative risk (λS) of
about 3 [4] and high prevalence in certain ethnic groups [5].
A family history of diabetes together with a BMI ≥ 30 kg/m2

and fasting plasma glucose ≥5.5 mmol/l is associated with a
16-fold increased risk of future type 2 diabetes [4]. In
support of this, non-diabetic first-degree relatives of patients
with type 2 diabetes show early defects in insulin secretion
and action [6]. On the other hand, family members also share
an environment, and environmental factors such as excess
food intake and poor physical activity are important risk
factors for type 2 diabetes. Notably, family members of
patients with type 2 diabetes are also characterised by poor
physical fitness [6]. However, little, if any, information exists
on heritability of type 2 diabetes in non-twin families. As
environmental factors might contribute more to phenocopies,
i.e. non-genetically determined phenotype, of the disease in
older age groups, it would be important to define the age
group with the highest heritability of the disease.

Recent genome-wide association studies (GWAS) have
identified approximately 50 loci associated with type 2
diabetes and glucose and/or insulin levels [7–9], but these
variants can explain <15% of the λS value. It has been
proposed that intermediate and rare variants with stronger
effects might explain the missing heritability of type 2
diabetes [10] but their identification in classical case–
control studies of outbred populations might be difficult.
One appealing alternative is to apply new generation
sequencing to families showing high heritability of an
intermediate quantitative trait.

To provide this information we estimated the heritability
and familiality of type 2 diabetes and 34 quantitative traits
in 5,810 individuals from 942 families participating in the
Botnia Study in Finland. The data demonstrate the
importance of restricting the search for genetic variants
contributing to type 2 diabetes to middle-aged people
between 35 and 60 years.

Methods

Subjects The Botnia Study was initiated in 1990 on the west
coast of Finland with the aim of identifying early metabolic
defects characteristic of, and genetic factors contributing to,
type 2 diabetes [11]. All patients with type 2 diabetes
and their family members from five healthcare centres
(Närpes, Malax-Korsnäs, Korsholm, Jakobstad and Vasa)
were invited to participate in the study.

Family information was obtained on 25,962 individuals
from 1,131 families. For the heritability estimates of
quantitative traits and type 2 diabetes, we restricted the
analysis to families with phenotype information from at

least two members, which resulted in 5,810 individuals
from 942 families with an average family size of 6.16. Of
these, 1,707 had type 2 diabetes. Diabetes was diagnosed
using WHO 1998 criteria. Patients with GAD antibodies or
known MODY mutations were excluded.

Clinical and metabolic characteristics are presented for
all individuals and non-diabetic individuals 16 years or
older, as well as all individuals and non-diabetic individuals
between 16 and 65 years of age (Table 1).

Written informed consent was obtained from all study
participants. The study protocols were approved by local
ethics committees, as well as by the ethics committees of
Helsinki University Central Hospital and Lund University.

Measurements After an overnight fast, a polyethylene cath-
eter was placed in an antecubital vein and blood samples were
drawn for the analysis of fasting plasma glucose, serum
insulin, cholesterol, triacylglycerol, HDL-cholesterol, apoli-
poproteins A1, A2 and B and NEFA concentrations. Height
(to the nearest cmwithout shoes) and weight (to the nearest kg
in light indoor clothing) were recorded. BMI was calculated as
weight/height2 (kilograms per square metre). Waist circum-
ference (to the nearest cm without clothes) was measured
with a non-elastic soft tape on standing participants midway
between the lowest rib and the iliac crest. Hip circumference
(to the nearest cm without clothes) was measured over the
widest part of the gluteal region. As a measure of abdominal
obesity, WHR was calculated. Lean body mass was
estimated by a device (Futrex, Gaithersburg, MD, USA)
measuring absorption of infrared light in subcutaneous
tissue. Blood pressure was measured as the mean of two
recordings with the patient in the supine position [11].

For the OGTT, participants ingested 75 g dextrose and
blood samples for the measurements of plasma glucose and
serum insulin concentrations were drawn at −5, 0, 30, 60
and 120 min.

Plasma glucose was measured with a glucose oxidase
method (Beckman Glucose Analyzer, Beckman Instruments,
Fullerton, CA, USA) and serum insulin by an enzyme
immunoassay (DAKO, Cambridgeshire, UK) with an inter-
assay CV of 7.5. Serum total cholesterol, HDL-cholesterol
and triacylglycerol concentrations were measured on a
Cobas Mira analyser (Hoffman–LaRoche, Basel, Switzerland)
and LDL-cholesterol concentration was calculated using the
Friedewald formula. The serum concentrations of apolipopro-
teins A1, A2 andBwere measured by immunochemical assays
(Orion Diagnostica, Espoo, Finland), and that of NEFA by an
enzymatic colorimetric method (Wako Chemicals, Neuss,
Germany).

Insulin resistance was estimated as the HOMA of insulin
resistance (HOMA-IR) [12], and insulin sensitivity from the
OGTT was calculated as the Matsuda insulin sensitivity
index (ISI) [13]. Beta cell function was assessed as the ratio
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of incremental insulin (ΔI30) to glucose (ΔG30) responses
during the first 30 min of the OGTT (ΔI/ΔG=[I30−I0]/
[G30−G0]), also called the insulinogenic index (IG30), or as
the HOMA beta cell index [12]. The disposition index (DI)
was used to adjust insulin secretion for the degree of insulin

resistance (IG30 × HOMA-IR). Urinary albumin concentra-
tion was measured by radioimmunoassay (Pharmacia-
Upjohn, Uppsala, Sweden). Urine for the measurement of
AER was collected either during the OGTT or overnight.
Microalbuminuria was defined as AER >20 μg/min.

Table 1 Clinical and metabolic characteristics of all individuals, of non-diabetic individuals, of individuals <65 years and of non-diabetic
individuals <65 years

Characteristic All individuals Non-diabetic individuals All individuals <65 years Non-diabetic
individuals <65 years

n Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD

n (male/female) 2,691/3,119 1,854/2,168 1,989/2,166 1,567/1,799

T2D, n (%)a 1,707 (29.8) 732 (17.9)

Smoking, n (%) 2,067 (39.3) 1,444 (39.5) 1,606 (42.7) 1,260 (41.2)

Age (years) 5,810 52.68±17.26 4,022 47.22±15.97 4,155 44.38±12.64 3,366 42.33±12.34

Height (cm) 5,659 168.55±9.23 3,980 169.31±9.1 4,107 170.08±8.94 3,344 170.23±8.9

Weight (kg) 5,675 75.6±14.76 3,983 74.07±13.87 4,106 76.32±15.33 3,343 74.42±14.25

BMI (kg/m2) 5,655 26.58±4.52 3,978 25.79±4.1 4,106 26.33±4.61 3,343 25.62±4.14

Lean body mass (kg) 5,382 54.29±10.98 3,859 53.91±10.69 3,979 55.32±11.21 3,262 54.49±10.87

Fat mass (kg) 5,371 21.53±7.69 3,852 20.31±6.97 3,972 21.09±7.87 3,257 20.03±7.09

Waist (cm) 5,555 90.6±13.18 3,930 87.75±12.29 4,057 89.13±13.52 3,306 86.88±12.36

WHR 5,554 0.9±0.09 3,930 0.88±0.09 4,057 0.89±0.09 3,306 0.88±0.09

Waist/height2 (cm/m2) 5,552 32.03±5.13 3,929 30.72±4.59 4,057 30.9±4.81 3,306 30.06±4.31

Diastolic BP (mmHg) 5,680 80.15±10.88 3,974 78.87±10.73 4,087 79.54±11.03 3,330 78.31±10.74

Systolic BP (mmHg) 5,684 135.33±21.25 3,975 130.1±19.05 4,086 129.42±18.4 3,330 126.61±16.89

AER (μg/min) 3,523 15.74±132.86 2,630 11.84±127.74 2,615 14.64±140.12 2,220 11.41±126.77

Microalbuminuria, n (%) 256 (7.3) 134 (5.1) 146 (5.6) 102 (4.6)

Plasma glucose 0 min
(mmol/l)

5,744 6.48±2.27 4,008 5.52±0.59 4,120 6.02±1.72 3,356 5.49±0.58

Plasma glucose 120 min
(mmol/l)

4,865 7.79±4.23 3,806 6.24±1.58 3,800 6.93±3.23 3,252 6.08±1.5

HbA1c (%) 4,042 5.98±1.31 2,713 5.41±0.49 2,828 5.69±1.08 2,233 5.36±0.48

HbA1c (mmol/mol) 4,042 41.90±14.31 2,713 35.63±5.33 2,828 38.70±11.81 2,233 35.09±5.26

Serum insulin 0 min
(pmol/l)

5,371 73.19±63.04 3,781 50.09±35.03 3,868 65.29±50.76 3,165 56.14±33.93

Serum insulin 120 min
(pmol/l)

4,599 365.63±336.79 3,608 328.25±305.6 3,581 324.87±301.72 3,075 300.74±276.83

IG30 4,460 21.41±37.59 3,506 24.6±41.44 3,474 22.77±41.1 2,984 24.93±43.77

DI 4,460 53.35±99.54 3,506 54.69±105.85 3,474 52.29±104.06 2,984 53.34±108.95

HOMA-IR 5,344 3.32±4.08 3,770 2.08±1.35 3,852 2.72±3.19 3,156 2±1.3

HOMA beta cell 5,344 85.89±89.48 3,770 89.63±84.63 3,852 86.11±84.75 3,156 88.18±87.77

ISI 4,488 5.56±3.41 3,535 6.24±3.4 3,509 6.06±3.49 3,015 6.53±3.45

Total cholesterol (mmol/l) 5,308 5.58±1.17 3,734 5.51±1.17 3,830 5.44±1.13 3,128 5.39±1.13

HDL-cholesterol (mmol/l) 5,275 1.32±0.33 3,724 1.37±0.33 3,805 1.34±0.33 3,117 1.37±0.32

LDL-cholesterol (mmol/l) 5,185 3.6±1.04 3,683 3.55±1.05 3,748 3.48±1.01 3,087 3.45±1.01

Triacylglycerol (mmol/l) 5,308 1.49±1.02 3,734 1.31±0.84 3,830 1.39±0.99 3,128 1.28±0.87

Triacylglycerol/
HDL-cholesterol

5,256 1.25±1.02 3,709 1.06±0.9 3,791 1.14±0.99 3,105 1.02±0.9

Apolipoprotein A1 (mg/l) 5,308 135±24 3,734 137±24 3,829 136±22 3,129 137±22

Apolipoprotein A2 (mg/l) 5,308 36±7 3,734 36±7 3,829 36±8 3,129 36±8

Apolipoprotein B (mg/l) 5,300 94±23 3,730 91±23 3,825 91±23 3,126 89±23

NEFA 0 min (μmol/l) 1,801 763.62±288.24 1,303 701.89±231.07 1,297 719.19±267.74 1,088 684.16±227.74

NEFA 120 min (μmol/l) 1,538 274.61±117.72 1,336 262±108.68 1,205 262.03±112.88 1,126 257.78±111.03

Physical activity (MET) 5,475 3.31±2.21 3,852 3.66±2.25 3,954 3.86±2.23 3,235 3.96±2.22

a Data on type 2 diabetes status (T2D) was available from 5,729 (all individuals) and 4,098 (all individuals <65 years) individuals

Diabetologia (2011) 54:2811–2819 2813



At the baseline examination, a structured questionnaire
was used to collect the data on smoking habits and self-
reports of physical activity during work and on the way to
work [14]. The physical activity data were converted into
metabolic units (MET), which estimate the relative intensity
of the activity as the energy needed during exercise
compared with the resting energy expenditure (1 MET
approximately equals the energy expenditure of 4.18 kJ
[1 kcal]/kg of body weight per h or oxygen uptake of
3.5 ml kg−1 min−1). Physical activity at work was estimated
with a seven point scale ranging from no activity and no
work (1.5 MET) to very heavy manual work (10.0 MET).
Exercise activity on the way to work was graded into
three levels: travel by motor vehicle (1.5 MET), on foot
(3.5 MET) and by bicycle (5 MET). The sum of the
different MET values was used to grade the total
physical activity of the participants [4].

Statistics Unless otherwise stated, values are presented as
mean±SD. Non-symmetrically distributed variables were
log-transformed before analysis. Heritability (h2) estimates
the extent to which genetic factors contribute to the
quantitative traits. The SOLAR software package provides
a maximum likelihood estimate of heritability taking into
account additive genetic effects and residual errors [15]. All
quantitative trait analyses were adjusted for age, sex, the
interaction between age and sex, age2 and affection status
(type 2 diabetes). In addition, all traits except BMI were
adjusted for BMI. The covariates not found to be significant
after covariate screening were removed from the final
models. Heritability thus represents the proportion of
phenotypic variance due to additive genetic effects after
adjustment for covariates.

Heritability of type 2 diabetes was estimated using a liability
threshold model implemented in SOLAR [16]. In addition to
the common covariates (age, sex, age × sex, age2 and BMI),
we added a SNP in TCF7L2, rs7903146, as a covariate for
the analysis of type 2 diabetes.

Sibling relative risk (λS) was calculated as risk of
diabetes in siblings of patients with type 2 diabetes
compared with the background population following the
method proposed by Olson and Cordell [17].

Differences in Pearson correlation coefficients between
parent–son and parent–daughter pairs were evaluated using
the corcor function (Goldstein, Qualitas, Brighton, MA, USA)
for testing dependent correlation coefficients in STATA
(Stata, TX, USA).

For calculation of family means of the quantitative traits,
we included only families with measurements available in
at least three individuals. Data are shown as histograms and
ranked mean (min–max) values from the lowest to the
highest across the families (see Electronic supplementary
material [ESM] Figs 1 and 2). Ranked mean (range) values

for the 20 families with lowest and highest values for
height, BMI, IG30, ISI, HDL-cholesterol and 2 h NEFA
during OGTT are shown in Fig. 1.

Results

The clinical and metabolic characteristics of the 5,810
individuals aged 16 years or older from 942 families are
shown in Table 1; of these, 1,707 had type 2 diabetes. Sex
distribution was similar among all and non-diabetic
individuals (both 46% males). Data are separately shown
for individuals below the age of 65 years. As expected,
diabetes (present in about 30% of all individuals) had the
strongest influence on glucose, HbA1c and triacylglycerol
concentrations as well as on AER.

Heritability of type 2 diabetes Heritability estimates were
adjusted for age, sex, their interaction, age2 and BMI
(Table 2). Heritability was rather low when individuals in
all age groups were considered (h2=0.25). The highest
heritability for type 2 diabetes was seen in the age group
35–60 years (0.69; p<0.0001) (Table 2, ESM Table 1); this
dropped markedly to 0.31 when the upper age was
increased to 75 years. Clinical characteristics and heritabil-
ity estimates for quantitative traits in this age group are
given in ESM Tables 2 and 3. The sibling relative risk, i.e.
the risk of diabetes in siblings of patients with type 2
diabetes compared with the risk in the background
population (λS), was clearly higher than previously esti-
mated from twin studies, i.e. 7.95 using all individuals
16 years or older. We also tested whether the SNP
rs7903146 in the gene showing the strongest association
with type 2 diabetes, TCF7L2, influenced the heritability
estimates. Although h2 dropped from 0.72 to 0.64 after
adjustment for the TCF7L2 SNP in the age group 35–
60 years, this difference did not reach statistical signifi-
cance given the large variance in the estimates.

Heritability of anthropometric measurements, blood pres-
sure and AER The highest heritability was seen for
height (Table 3) (ranging from 0.81 to 0.88), followed
by lean body mass (0.53–0.69), BMI (0.46–0.53), waist
circumference (0.42–0.50) and waist/height2 (0.47–0.49),
whereas h2 for WHR was rather low ranging from 0.27 to
0.32. As reported previously [18], there was a modest
heritability for AER in all as well as in non-diabetic individuals
(0.35 and 0.30 respectively).

Heritability of glycaemia, insulin secretion and insulin
sensitivity As predicted, heritability estimates for glycaemia
performed poorly in all individuals due to inclusion of
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diabetic individuals (Table 3). Fasting glucose concentra-
tions showed higher heritability than 2 h glucose concen-
trations in the non-diabetic individuals (0.58 vs 0.32),
whereas the opposite was seen for fasting and 2 h insulin
concentrations (0.41 vs 0.34). Heritability estimates for beta
cell function (IG30, HOMA beta cell index) and insulin
sensitivity/resistance (ISI, HOMA-IR) were in the same
range, suggesting that 40–50% of the variance in these
measurements can be explained by genetic factors in
non-diabetic individuals.

Heritability of lipids and lipoproteins The diabetic state had
little influence on heritability of cholesterol concentrations
but somewhat more on HDL-cholesterol, triacylglycerol
and apolipoprotein concentrations (Table 3). Of all lipids,
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Fig. 1 Mean values of height
(a), BMI (b), insulinogenic
index (c), insulin sensitivity
index (d), HDL-cholesterol (e)
and NEFA concentrations (f) at
120 min of OGTT for the 20
families from the lower and 20
families from the upper extreme
tails of the distributions. The
vertical lines represent minimum
and maximum values within
the families

Table 2 Heritability of type 2 diabetes in different age groups

Age group (years) n (n T2D) Basic covariates
h2±SE

All 5,326 (1,349) 0.25±0.05

16–60 3,760 (718) 0.50±0.12

16–65 4,291 (949) 0.46±0.10

16–75 5,070 (1,262) 0.27±0.07

35–60 2,746 (663) 0.69±0.16

35–65 3,277 (894) 0.56±0.12

35–75 4,056 (1,207) 0.31±0.09

Basic covariates: age, sex, age × sex, age × age, BMI

T2D, type 2 diabetes
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HDL-cholesterol concentrations showed the highest h2

(0.52–0.62). Intriguingly, the highest heritability in all and
in non-diabetic individuals was seen for suppression of
NEFA concentrations at 2 h of the OGTT (0.63–0.76).

Heritability of physical activity and smoking We also
estimated heritability for two traits considered as environ-
mental, physical activity and smoking. The heritability
estimates for physical activity were low (0.16–0.21),
supporting the view that physical activity is mostly

influenced by environmental factors. In contrast, heritability
estimates for smoking were very high (0.57–0.63) empha-
sising a large contribution of genetic factors to smoking
habits (Table 3).

Parent–offspring correlations in quantitative traits To
investigate differences in transmission between sexes, we
calculated correlations between parents and offspring for 31
different traits. For five traits we observed a difference in
parent–offspring correlation between fathers and sons and

Table 3 Heritability estimates for anthropometric measures, blood pressure, AER, glucose and insulin concentrations, insulin resistance and insulin
secretion indexes, HbA1c, lipids, lipoproteins, NEFA, physical activity and smoking

Trait (log) All individuals Non-diabetic
individuals

All individuals
<65 years

Non-diabetic individuals
<65 years

n h2±SE n h2±SE n h2±SE n h2±SE

Height 5,659 0.81±0.02 3,980 0.83±0.03 4,107 0.86±0.03 3,344 0.88±0.03

Weight 5,674 0.52±0.03 3,982 0.62±0.04 4,105 0.59±0.03 3,342 0.65±0.04

BMI 5,654 0.46±0.03 3,977 0.53±0.04 4,105 0.49±0.04 3,342 0.52±0.04

Lean body mass 5,382 0.53±0.03 3,859 0.65±0.04 3,979 0.63±0.04 3,262 0.69±0.04

Fat mass 5,371 0.45±0.03 3,852 0.47±0.04 3,972 0.49±0.04 3,257 0.49±0.04

Waist 5,555 0.42±0.03 3,930 0.47±0.04 4,057 0.48±0.04 3,306 0.50±0.05

WHR 5,554 0.27±0.03 3,930 0.29±0.04 4,057 0.31±0.04 3,306 0.32±0.04

Waist circumference/height2 5,552 0.47±0.03 3,929 0.49±0.04 4,057 0.48±0.04 3,306 0.47±0.05

Diastolic BP 5,680 0.33±0.03 3,974 0.40±0.04 4,087 0.38±0.04 3,330 0.41±0.04

Systolic BP 5,684 0.28±0.03 3,975 0.41±0.04 4,086 0.39±0.04 3,330 0.45±0.04

AER 3,495 0.35±0.04 2,616 0.30±0.05 2,594 0.31±0.04 2,208 0.30±0.05

Plasma glucose 0 min 5,587 0.22±0.03 3,967 0.58±0.04 4,056 0.30±0.04 3,336 0.59±0.04

Plasma glucose 120 min 4,804 0.24±0.03 3,796 0.32±0.04 3,754 0.34±0.04 3,245 0.38±0.05

HbA1c 3,973 0.15±0.03 2,701 0.32±0.05 2,801 0.22±0.05 2,231 0.30±0.06

Serum insulin 0 min 5,263 0.28±0.03 3,751 0.34±0.04 3,824 0.34±0.04 3,149 0.34±0.05

Serum insulin 120 min 4,557 0.34±0.03 3,599 0.41±0.04 3,552 0.42±0.04 3,069 0.45±0.05

IG30 4,428 0.41±0.04 3,501 0.50±0.04 3,453 0.48±0.04 2,982 0.50±0.05

DI 4,428 0.44±0.04 3,501 0.46±0.04 3,453 0.46±0.04 2,982 0.46±0.05

ISI 4,456 0.37±0.04 3,530 0.40±0.04 3,488 0.44±0.04 3,013 0.44±0.05

HOMA-IR 5,252 0.28±0.03 3,744 0.37±0.04 3,817 0.36±0.04 3,144 0.39±0.04

HOMA beta cell 5,252 0.28±0.03 3,744 0.37±0.04 3,817 0.29±0.04 3,144 0.33±0.05

Total cholesterol 5,202 0.47±0.03 3,710 0.47±0.04 3,786 0.50±0.04 3,116 0.49±0.05

HDL-cholesterol 5,168 0.52±0.03 3,699 0.61±0.04 3,761 0.60±0.04 3,105 0.62±0.04

LDL-cholesterol 5,080 0.48±0.03 3,659 0.48±0.04 3,704 0.50±0.04 3,075 0.50±0.05

Triacylglycerol 5,202 0.48±0.03 3,710 0.54±0.04 3,786 0.53±0.04 3,116 0.57±0.04

Triacylglycerol/HDL-cholesterol 5,151 0.49±0.03 3,685 0.58±0.04 3,747 0.56±0.04 3,093 0.60±0.04

Apolipoprotein A1 5,202 0.38±0.04 3,710 0.51±0.04 3,785 0.51±0.04 3,117 0.51±0.05

Apolipoprotein A2 5,270 0.46±0.03 3,710 0.53±0.04 3,801 0.46±0.04 3,117 0.51±0.05

Apolipoprotein B 5,223 0.43±0.03 3,706 0.49±0.04 3,802 0.47±0.04 3,114 0.49±0.05

NEFA 0 min 1,783 0.36±0.06 1,298 0.34±0.07 1,293 0.41±0.08 1,085 0.38±0.08

NEFA 120 min 1,536 0.63±0.07 1,335 0.76±0.07 1,203 0.65±0.07 1,125 0.69±0.08

Physical activity 5,377 0.16±0.03 3,852 0.18±0.04 3,917 0.20±0.04 3,235 0.21±0.04

Smoking 5,265 0.57±0.05 3,657 0.59±0.07 3,758 0.58±0.06 3,057 0.63±0.07

The natural logarithm transformation was applied to all quantitative variables before analysis
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mothers and sons, and for nine between father–daughter
and mother–daughter pairs (ESM Table 4). Cholesterol
differed in all sex-specific parent-of-origin correlations.

Distribution of quantitative traits across families Distribu-
tion of family means for height, BMI, IG30, ISI, HDL-
cholesterol and NEFA concentrations at 2 h of the OGTT
are shown as histograms in ESM Fig. 1. The corresponding
family means and ranges for 20 families from the lower
(5%) and 20 families from the upper tails of the trait
distribution are shown in Fig. 1 and for all families in
ESM Fig. 2. The family means for other traits from the
families from the lower and upper tails of distribution are
shown in ESM Fig. 3.

Although most traits followed a symmetrical distribution
with an equal proportion of extremes at both ends of
distribution (ESM Fig. 1), suppression of NEFA during
OGTT showed a skewed distribution with a large number of
families with very low NEFA values, suggesting high
sensitivity to suppression of NEFA during OGTT.

Although there was a large intra-familial variance in
height, BMI, IG30, ISI, HDL-cholesterol and NEFA 2 h, the
interfamily differences were larger. For HDL-cholesterol the
difference between the families with lowest and highest
mean HDL-cholesterol was twofold. This is also illustrated
by segregation of HDL-cholesterol in two families from
each extreme of the distribution (ESM Fig. 4).

Discussion

To our knowledge, this is the first time heritability estimates
for type 2 diabetes as a dichotomous trait have been
presented in addition to estimates of heritability for
anthropometric, metabolic and environmental traits in
families rather than in twins. The large family-based Botnia
Study is well suited for this purpose. The heritability
estimates for 34 clinical, metabolic and environmental traits
in 5,810 individuals from 942 families showed that (a) the
highest heritability for type 2 diabetes is restricted to
middle-aged people aged 35–60 years and decreases
markedly if the upper age limit is increased to 75 years,
(b) the sibling risk for type 2 diabetes (λS) was much higher
than estimated from twin studies (8 vs 3), (c) the strongest
heritabilities for quantitative traits were seen for height,
lean body mass, fasting HDL-cholesterol concentrations
and NEFA concentrations at 2 h of an OGTT and (d)
distribution of these traits across families should allow
selection of families with extreme trait values for next-
generation sequencing studies.

The observed large differences in heritability estimates
of type 2 diabetes between different age groups send a clear

message that genetic studies on type 2 diabetes might
benefit from restricting inclusion of individuals to the age
group 35–60 years, with the upper age limit possibly being
extended to 65. Unfortunately, this has not been the case in
most GWAS studies on type 2 diabetes [7, 19, 20]. The
proportion of the trait variance not attributed to genetic
factors increased when including individuals with late onset
diabetes. Although a recent meta-analysis by Voight et al.
[9] did not demonstrate any heterogeneity based on age at
onset, it might be difficult to identify such an effect in
cohorts ascertained using different criteria. Also, the age
window may differ between different ethnic groups as onset
of diabetes seems to be earlier in patients from the Middle
East than in patients from Scandinavia [21]. Inclusion of
the strongest type 2 diabetes-associated SNP, rs7903146 in
the TCF7L2 gene, in the analysis did not result in a
significant decrease in the heritability estimates in the age
group 35–60 years. Whether this reflects insufficient power
due to large variance in the estimates or a true negative
finding remains to be shown. Another intriguing finding
was that the sibling risk of diabetes (λS) was much higher
than obtained in twin studies (8 vs 3). This may not be that
surprising as the current data were obtained from families
with an average family size of 6.16 and most twin studies
did not take into account family history of diabetes. The
high λS in families is in keeping with data from a Swedish
study using the multigeneration registry [22]. In this study
the sibling-relative risk of developing diabetes was as high
as 39 if the person had two siblings with diabetes. These
findings can be interpreted in two ways. One would be that
if we have underestimated heritability estimates of type 2
diabetes, current GWAS studies have been able to identify
even less of the heritability than the present view of 10–15%
assumes. The other would be that we have been searching for
genes in the wrong place, i.e. in outbred populations with little
evidence for heritability of type 2 diabetes.

The current heritability estimate for type 2 diabetes
obtained in a large number of families using a variance
component analysis model SOLAR provides an alternative
to the traditional λS estimate of heritability, and may be
better suited to testing the proportion of heritability
accounted for by known type 2 diabetes-associated genetic
variants as it is obtained in the same families where the
variants are genotyped.

The heritabilities of anthropometric traits such as height
and BMI were in the same range as reported in other studies
[23–28]. However, the observation that lean body mass is
strongly heritable is new and supports previous findings that
bone mass is genetically determined in twin studies [29, 30].
It further suggests that lean body mass (muscle and bone)
may be under stronger genetic control than fat mass.

In contrast to findings from twin studies [28, 31] and one
family study [24] the OGTT-based measures of insulin
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secretion (IG30) and insulin sensitivity (ISI) showed a
similar degree of heritability (40–50%), which was higher
than seen for the corresponding HOMA measurements.
Family means of these traits indicated clear clustering of
insulin secretion and action in families with greater intra-
family variability for measures of insulin sensitivity than
for measures of insulin secretion (Fig. 1). The families at
both ends of the distribution should be attractive targets for
next-generation sequencing efforts. We could confirm
previous studies showing high heritability for HDL-
cholesterol concentrations in families [23, 26, 27] and add
new information on heritability of apolipoproteins in
families. In line with a previous study in twins [32], both
the HDL-associated apolipoproteins A1 and A2 showed a
high degree of heritability in these families. Most interest-
ingly, the highest heritability of any metabolic trait was seen
for NEFA during the OGTT. Postprandial NEFA concen-
trations most likely reflect turnover, lipolysis and
fractional esterification of the NEFA pool (NEFA turnover
adjusted for the fat mass). This finding also goes along with
a report showing impaired suppression of postprandial
triacylglycerol concentrations in first-degree relatives of
patients with type 2 diabetes [33]. Notably, although most
family means showed a typical symmetrical distribution,
suppression of NEFA during the OGTT was skewed with a
number of families being very sensitive to suppression of
NEFA during OGTT (ESM Fig. 1).

Finally, heritability of the two apparently behavioural
traits of physical activity and smoking provided some
intriguing results. Although physical activity showed
low heritability (20%), supporting the notion that it mostly
represents an environmental trait that can be modified by
other environmental factors [34], smoking was a strongly
heritable habit (50–60%) in line with some previous studies
[35]. An obvious interpretation of this would be that it
should be easier to influence physical activity than smoking
by behavioural modifications.

The low heritability for physical activity would at
first glance seem at variance with a recent paper from
our group showing that physical fitness is lower in first-
degree relatives of patients with type 2 diabetes than in
individuals without a family history of type 2 diabetes
[6]. However, the reduction in physical fitness was seen
despite similar amounts of reported physical activity as
estimated in the current paper, suggesting that physical
fitness is a consequence of a number of factors, physical
activity being only one.

We also examined whether heritability estimates would
be influenced by sex and transmission from mother or
father. For most traits, the correlation was stronger when
transmitted from mothers than from fathers. Interestingly,
sex-specific parental effects were strongest for cholesterol
concentrations. Thereby, these findings using an alternative

way of analysing data support our previous findings of sex-
specific parent-of-origin effects for many traits [11] and
also justify similar analyses for genetic variants influencing
these traits [36].

Given that current GWAS have not been able to explain
the heritability of type 2 diabetes, future approaches will
include means to detect rare and intermediate frequency
variants with hopefully stronger effects. As heritability is a
measure of segregation of a trait in families it seems
reasonable to turn back to families for these efforts
rather than to study outbred case–control populations.
Exome and whole-genome sequencing of families with
extreme type 2 diabetes-related traits [37, 38] provide
appealing approaches to find the missing heritability of
type 2 diabetes. To provide some background information for
such studies, we analysed the distribution of quantitative traits
across families. As can be seen from Fig. 1 and ESM Fig. 1,
selection of families with extreme values for a trait might
provide a fourfold difference in the trait. As many of these
traits show 50–70% heritability, we would expect to find an
OR of >2 in such sequencing efforts. Another advantage
with family studies is that it will be much easier to exclude
technical sequencing errors as identified variants can
immediately be tested for Mendelian segregation.

In conclusion, to detect stronger genetic effects in type 2
diabetes, it seems reasonable to restrict inclusion of patients
to those with age at onset 35–60 years. Sequencing of
families with extreme quantitative traits could be an
important next step in the dissection of the genetics of
type 2 diabetes.
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