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demia, and hypertension ( 1 ), associated with an increased 
risk of cardiovascular disease (CVD) and type 2 diabetes 
(T2D). The underlying pathophysiological mechanisms 
are thought to include excess adipose tissue mass, ectopic 
fat deposition, excessive fl ux of fatty acids, and infl amma-
tion ( 2–4 ). Several clinical guidelines have been proposed 
for the diagnosis of the metabolic syndrome [i.e., ATP III 
2001 (5), WHO 1999 (6), EGIR 1999 (7), IDF 2006 (1)], 
which most commonly include criteria for waist circumfer-
ence, fasting plasma glucose, systolic blood pressure (SBP), 
diastolic blood pressure (DBP), HDL cholesterol, and trig-
lycerides. Other traits that have been included in individ-
ual guidelines are body mass index [BMI, WHO 1999 (6)], 
waist-to-hip-ratio [WHR, WHO 1999 (6)], and fasting insu-
lin level [EGIR 1999 (7)]. In all guidelines, metabolic syn-
drome is defi ned by the levels of multiple traits exceeding 
a certain threshold. 

 Although it has been questioned whether the combi-
nation of metabolic characteristics referred to as meta-
bolic syndrome represents a biologically meaningful entity 
in itself ( 8–10 ), the defi nition is widely applied as a tool for 
risk prediction. The metabolic syndrome is associated with 
a doubled risk of developing CVD and a more than 5-fold 
increased risk of T2D, with risk estimates varying somewhat 
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etiology of metabolic syndrome traits concluded that sex 
differences in heritability are most often reported for body 
composition and measures related to glucose homeostasis, 
while most studies of blood pressure and lipid levels found 
no sex differences in the heritability ( 28 ). With regard to 
age effects, a large meta-analysis reported a decrease of 
the heritability of BMI with age ( 21 ), and age differences 
in heritability were also reported for several metabolic syn-
drome traits in the analysis of Sardinian pedigrees ( 22 ). In 
the latter study, the heritability of BMI, lipids, glucose, and 
insulin was found to be lower in older individuals (age > 42 
years), while the heritability of blood pressure was found 
to be higher in older people. 

 Qualitative differences arise if a trait is infl uenced by dif-
ferent genes or aspects of the environment in different 
groups; for example, different genes may be responsible for 
the variation of a phenotype in males versus females or at 
different ages, while the overall impact of genes (the her-
itability) is the same. Mixed fi ndings have been reported 
regarding qualitative sex and age effects on metabolic syn-
drome traits across studies. The results from two large-scale 
studies that examined a wide range of phenotypes suggested 
that qualitative genetic differences between the sexes or 
across age are not common. No evidence was found for 
qualitative age or sex effects for any of the traits in the study 
of Sardinian pedigrees ( 22 ). Likewise, in a study of a wide 
range of phenotypes in metabolic, cardiovascular, physio-
logical, and psychiatric domains conducted in a large sam-
ple of Dutch twin pairs, no qualitative sex differences were 
observed for the large majority of traits ( 34 ). 

 If genetic infl uences depend on age, heritability esti-
mates based on the comparison of twins (who always have 
the same age and therefore share age-specifi c genetic in-
fl uences) may differ from estimates obtained using non-
twin relatives (who may share varying degrees of age-specifi c 
genetic infl uences). The mode of action of the underlying 
genes (additive versus nonadditive genetic effects) may 
also play a role. The term nonadditive genetic effect is 
generally used to refer to the effects of interacting alleles 
at a locus (dominance) or at different loci (epistasis). Re-
lated to this distinction, the term “broad-sense heritability” 
(H 2 ) refers to the variation of a trait due to total heritable 
genetic effects, while “narrow-sense heritability” (h 2 ) re-
fers to the proportion of variation due to additive genetic 
effects. Though some studies have indicated that nonaddi-
tive genetic infl uences contribute to metabolic syndrome 
traits ( 18, 22, 27 ), most heritability studies have not sepa-
rated additive and nonadditive genetic infl uences. The 
consequence of not taking genetic dominance into ac-
count when estimating the heritability of a trait while dom-
inance effects are present depends on the study design, 
since dominance effects are shared to some extent by twins 
and siblings but not between parents and offspring or be-
tween more distant relatives. Family studies have reported 
lower heritability estimates for metabolic syndrome traits 
compared with twin studies ( 21 ), which could be related 
to age trends in heritability or to differences in the cover-
age of nonadditive genetic effects between twin and family 
studies. 

depending on the classifi cation criteria used to defi ne 
the metabolic syndrome ( 2 ). The metabolic syndrome is 
also associated with a higher risk of nonalcoholic fatty 
liver disease, reproductive disorders, depression, sleeping 
disorders, and other conditions ( 2, 11 ). The prevalence of 
the metabolic syndrome is globally increasing ( 12 ), pre-
senting a major health problem, particularly in Western 
countries [e.g., the prevalence has been estimated at 14% 
in the Netherlands ( 13 ) and at 37% in the United States 
( 14 )]. The rise is generally attributed to changes in life-
style, while at the same time, individual differences in met-
abolic traits have been shown to be to an important extent 
heritable. These observations may be explained by the fact 
that the expression of risk genotypes depends on the envi-
ronment or that the exposure to lifestyle factors is geneti-
cally infl uenced. Indeed, several important risk factors for 
the metabolic syndrome that are considered environmen-
tal, such as exercise behavior ( 15 ) and dietary patterns ( 16 ), 
are moderately heritable. 

 The importance of genetic infl uences (“the heritabil-
ity”) to the variation in susceptibility to the metabolic syn-
drome and associated traits has been estimated based on 
the similarity of family members for these traits, using twin 
and family data (reviewed by Refs.  17–20 ). If closer rela-
tives resemble each other more for metabolic syndrome 
traits than more distant relatives do, this indicates that 
familial factors, including genetic factors and family-
shared environmental infl uences, are important for these 
traits. The heritability estimates observed in these studies 
vary widely, with heritability ranging 24–90% for BMI 
( 18, 21–24 ), 10–75% for fasting glucose ( 17, 20, 22–25 ), 
20–55% for fasting insulin ( 17, 20, 22, 23, 26 ), 0.03–72% 
for triglycerides ( 17, 19, 20, 22–25, 27 ), 25–98% for LDL-
cholesterol ( 17, 19, 20, 22, 23, 27 ), 30–80% for HDL cho-
lesterol ( 17, 19, 20, 22, 24, 25, 27 ), 30–74% for total 
cholesterol ( 17, 19, 20, 22–24, 27 ), 20–71% for SBP ( 14, 
17, 19–21 ), and 10–50% for DBP ( 17, 20, 22–24 ). Such dif-
ferences may be associated with study designs or may rep-
resent meaningful variation because heritability can depend 
on context, sex ( 28 ), or age ( 29 ). 

 Quantitative differences refer to differences in the over-
all impact of genetic or environmental infl uences on the 
variance of a trait, such as differences in heritability be-
tween males and females or between different age groups. 
A study based on twin pairs from eight European coun-
tries found consistent sex differences in the heritability of 
BMI, but the direction of effect was not the same across 
countries and age strata ( 30 ). In a similar comparison, no 
sex differences were observed for blood pressure ( 31 ). For 
height, the heritability was slightly lower in females com-
pared with males in several countries ( 32 ). In a family 
study of body composition measures, a higher heritability 
was found for waist circumference and WHR in women, 
while no signifi cant difference was observed for BMI ( 33 ). 
A study conducted in Sardinian pedigrees found sex dif-
ferences in the phenotypic variance for many metabolic 
traits, but a difference in heritability was only evident for 
weight and triglycerides (for both, the heritability was 
higher in females) ( 22 ). A review of sex differences in the 
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extensive family-based datasets on metabolic syndrome traits 
described thus far and represents an elaborate assessment 
of quantitative and qualitative variation in genetic and en-
vironmental effects on metabolic syndrome traits across 
age and sex. 

 MATERIALS AND METHODS 

 Subjects 
 The subjects in this study are Dutch twin families registered 

with the NTR ( 39 ). Most twins were recruited through City Coun-
cils between 1990 and 1993 when the twins were adolescents or 
young adults. Since 1993, adult twins have been recruited through 
a variety of other approaches as well. Every two to fi ve years since 
1991, twins and their families are invited to complete a survey 
(i.e., in 1991, 1993, 1995, 1997, 2000, 2002, 2004, and 2009) ( 39, 
40 ). In each survey, participants were asked to report their height 
and current weight. Twin families are also regularly invited to 
participate in projects in which biological samples, anthropomet-
ric traits, and cardiovascular measures are collected. The current 
analyses are based on data from adult participants (age  �  18), 
including twins (maximum one pair per family), brothers (maxi-
mum two per family), sisters (maximum two per family), and par-
ents. For a detailed description of the characteristics of subjects, 
see supplementary Table I. Informed consent was obtained from 
participants, and study protocols were approved by the Medical 
Ethics Committee of the VU University Medical Center. Zygosity 
determination was based on DNA markers in 84.2–88.7% of twins 
(range is for different phenotypes), except for BMI (47% of 
twins) and height (45%), for which a larger proportion of the 
data came from subjects who had only participated in survey stud-
ies. If DNA was not available, zygosity determination was based on 
validated questionnaire items. Only subjects with complete infor-
mation on sex and age (or birth year, for the analysis of height) 
were included in the analyses. 

 Procedure biobank project 
 Metabolic biomarkers and anthropometric measures were col-

lected in a large-scale biobank project in which 9,530 individuals 
participated, including 4,259 twins, 2,704 biological parents, and 
2,052 biological siblings. Data from nonbiological parents and 
siblings, spouses of twins and siblings, children of twins and sib-
lings, and second-degree relatives (e.g., grandparents, uncles, 
and aunts) were not included in the current analyses (N = 515). 
Participants were visited in the morning, usually at their home. 
At the visit, weight, waist circumference, and hip circumference 
were measured, information about health, medication use, 
fasting status, and height was collected, and fasting blood and 
morning urine samples were collected, from which cell lines, bio-
markers, DNA and RNA were obtained. For a detailed descrip-
tion of the study procedure, see Willemsen et al. ( 41 ). 

 Lipid profi les and glucose metabolism 
 Total cholesterol, HDL-cholesterol, and triglyceride levels 

were measured in heparin plasma using the Vitros 250 total cho-
lesterol assay, the Vitros 250 direct HDL-cholesterol assay and the 
Vitros 250 triglycerides assay (Johnson and Johnson, Rochester, 
NY). LDL-cholesterol (LDL) was calculated using the Friedewald 
equation ( 42 ). Glucose and insulin were measured in blood 
plasma using the Vitros 250 glucose assay (Johnson and Johnson) 
and the Immulite 1,000 insulin method (Diagnostic Product Cor-
poration, Los Angeles, CA). The following numbers of subjects 

 Twin and family studies examine the importance of ge-
netic and environmental influences by comparing the 
resemblance of individuals who share different degrees 
of genetic or environmental infl uences. The classical twin 
study compares the resemblance of monozygotic (MZ) 
twins to the resemblance of dizygotic (DZ) twins, while 
family studies typically include parent-offspring pairs or 
sibling pairs. Since one chromosome from each chromo-
some pair of a parent is transmitted to a child, a parent 
always shares one copy of each gene (allele) with his or her 
child and thus in total shares 50% of additive genetic ef-
fects and no genetic dominance effects. For each chro-
mosome pair, DZ twins and siblings can share 2, 1, or 0 
chromosomes with each other that were inherited from 
the same parent, thus sharing on average 50% of additive 
genetic effects and 25% of dominance genetic effects. MZ 
twins share all their genetic material because they are de-
rived from one zygote. Importantly, family members may 
share both genetic and environmental infl uences. The 
classical twin design allows distinguishing between herita-
ble genetic infl uences and infl uences of the shared family 
environment (“common environment”): a larger pheno-
typic correlation in MZ twins than in DZ twins indicates 
that a phenotype is infl uenced by genetic factors, because 
infl uences of the family environment are shared equally 
in both types of twins. Most twin studies of metabolic syn-
drome traits have found no signifi cant effect of the com-
mon environment in adults ( 18, 19, 27, 30, 31, 35 ). It 
should be noted that in classical twin studies, the assess-
ment of common environment, by defi nition, tends to be 
limited to the effects of early family environment and does 
not necessarily capture all environmental infl uences com-
mon to people who share a household because adult twins 
often live separately. Insights into the role of shared house-
hold effects in adult subjects may be obtained by studying, 
for example, the similarity of spouse pairs. 

 To summarize, variation in heritability estimates of met-
abolic syndrome traits across previous studies may be re-
lated to differences in study population and design. To 
obtain a representative estimate of heritability in the pop-
ulation and to examine interactions with age and sex, 
studies should cover a broad age range and include mul-
tiple types of familial relations. Therefore, we examined 
the etiology of metabolic syndrome traits using an ex-
tended twin-family design ( 36–38 ), combining data from a 
large population-based sample of MZ twins, DZ twins, non-
twin siblings, and parents registered with the Netherlands 
Twin Register (NTR) with a broad age range (18–98 years). 
Measurements included BMI, waist circumference, WHR, 
LDL, HDL, total cholesterol, triglycerides, fasting glucose, 
fasting insulin, SBP, DBP, and height. This large dataset 
with a variety of familial relations allowed us to assess the 
contribution of additive and nonadditive genetic infl u-
ences (i.e., estimating narrow-sense and broad-sense heri-
tability) and environmental infl uences (including shared 
household effects) to the variation in metabolic syndrome 
traits and height, and to examine variation in the herita-
bility and expression of genes (qualitative effects) across 
age groups and sex. This study comprises one of the most 
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measurement error. Genetic variance can be subdivided into 
variance due to additive effects of alleles (additive genetic vari-
ance, V A ) and variance due to nonadditive effects of alleles, 
which includes interactions among alleles at a single locus (dom-
inance variance, V D ) or at different loci (epistasis). Thus, the 
variance of a trait may be represented as: V P  = V G  + V C  + V E,  
where V G  = V A  + V D.  The proportion of the phenotypic variance 
that is due to additive genetic effects is called narrow-sense heri-
tability (h 2  = V A  / V P ), and the proportion of variance due to all 
genetic effects is called broad-sense heritability (H 2 = (V A  + V D ) / 
V P ). Using model-fi tting approaches, V A , V D , V C , and V E  can be 
estimated from the covariance or correlation of a trait between 
different types of relatives who differ in genetic relatedness (see 
supplementary methods). 

 In total, 12 traits were studied: 11 metabolic syndrome traits 
and height. For metabolic syndrome traits, we examined the her-
itability and variation with age and sex, and for height, we exam-
ined the heritability and variation with birth year and sex. 
Phenotypic correlations among family members were estimated 
from the observed data after taking sex and age (for metabolic 
syndrome traits) or birth year (for height) effects into account in 
Mx ( 49 ). Mx was also used to test for sex differences in means 
and variances, to test for age (or birth year) effects on means, 
and to test whether the effect of age (or birth year) differed be-
tween males and females. To get a fi rst impression of differences 
in heritability across age and sex (for metabolic syndrome traits) 
or across birth year and sex (for height), we used SPSS version 
17.0 to obtain sex- and age -stratifi ed phenotypic correlations 
among twins, using the median age or birth year as a cut-off 
(birth year < 1973 or birth year  �  1973 for height, and age < 32 
years and age  �  32 years for all other traits). Next, three types of 
analyses were performed in POLY (http://www.sph.umich.edu/
csg/chen/public/software/poly) ( 22, 50 ). In a fi rst set of analy-
ses, V A , V D , and V E  were estimated for each trait in the entire co-
hort to obtain an overall estimate of heritability. In the second set 
of analyses, age differences in heritability were examined. V A , V D , 
and V E  were estimated and V A  and V E  were allowed to differ be-
tween age groups, and the correlation between additive genetic 
effects among family members belonging to different age groups 
was estimated to test whether different genes are expressed at 
different ages. Age groups were defi ned according to the median 
age of the subjects (age < median and age  �  median age) for 
each trait. For height, the heritability was examined as a function 
of birth year instead of age (birth year < median and birth year  �  
median). In the third series of analyses, we assessed age-specifi c 
sex effects; here data from two age groups were analyzed sepa-
rately. Between age groups, V A , V D , and V E  could differ and within 
age groups, and V A  and V E  could differ between males and fe-
males. Qualitative sex effects were assessed by estimating the 
genetic correlation among family members of different sex. This 
third set of analyses provided four estimates of heritability (for 
younger and older males and females) and an assessment of qual-
itative sex differences, separately for younger and older subjects. 
Height was analyzed as a function of sex and birth year instead of 
age. In all analyses, observed trait values were adjusted for sex 
and age [using standardized age scores (z-scores)] or birth year 
(height) by linear regression. 

 Statistical signifi cance of effects was assessed by comparison of 
the log likelihood of submodels (e.g., to assess qualitative effects, 
the log likelihood of a model in which the correlation between 
additive genetic effects was estimated was compared with the log 
likelihood of a model in which it was constrained at its theoreti-
cal value when there were no qualitative differences). An  �  level 
of 0.01 was applied to assess the statistical signifi cance of correla-
tions and to assess the signifi cance of sex differences in means, 
phenotypic variances, and age trends in trait values. 

had missing data due to sampling issues or technical reasons: glu-
cose, N = 253; insulin, N = 315; total cholesterol, N = 160; LDL, 
N = 180; HDL, N = 161; and triglycerides, N = 159. 

 Because the distributions of insulin and triglycerides were 
skewed, an LN-transformation was applied. For the analyses of all 
lipids, glucose, and insulin, individuals who had not fasted from 
12 PM the evening before blood collection were excluded (N = 
706, 7.4%). For the analyses of lipids, individuals using lipid-low-
ering medication were excluded (N = 642, 6.7%). For the analy-
ses of glucose and insulin, individuals were excluded if they used 
diabetes medication (N = 249, 2.6%) or if they had a fasting glu-
cose level higher than 7 (N = 400, 4.2%). For HDL, one individ-
ual with an extreme value was excluded (HDL = 6.56 mmol/l, 
i.e., >13 SD above the mean). Based on the above inclusion crite-
ria, the following sample sizes were obtained: triglycerides N = 
7,469 (3,105 families); total cholesterol: N = 7,468 subjects (3,105 
families); HDL: N = 7,466 subjects (3,104 families); LDL: N = 
7,453 subjects (3,102 families); glucose: N = 7,563 (3,102 fami-
lies); and insulin: N = 7,510 subjects (3,088 families). 

 Anthropometric traits 
 BMI was calculated from height and weight obtained in labo-

ratory-based NTR projects, or if no lab-based data were available, 
from data obtained in surveys: BMI = weight (kg) / height 2  (m). 
For subjects who completed multiple surveys at age 18+, height 
data were checked for consistency over time. If the difference 
in height reported by an individual across time did not exceed 
2 cm, reported values were averaged to obtain one measure of 
adult body height. If different self-reports differed by 3 cm or 
more, the most deviating report was removed and the remaining 
values were averaged if the difference between remaining values 
was smaller than 3 cm. If the difference in height reported by an 
individual at different surveys was 3 or 4 cm after removal of two 
outlier values, remaining values were averaged to obtain one 
measure of adult height; if the difference still exceeded 4 cm after 
removal of two outlier values, height data for that subject were 
considered unreliable and were excluded. Waist and hip circum-
ference were measured in various projects. For weight, waist cir-
cumference, and hip circumference, the most recent measure 
was selected for subjects with multiple data points. Data from 
twins were selected from the same project or survey where possi-
ble. WHR was calculated as: waist (cm) / hip (cm). For WHR, 
three individuals with a WHR > 1.5 (i.e., > 8 SD above the mean) 
were excluded. Data from the following number of subjects were 
analyzed: height: N = 24,904 (9,513 families); BMI: N = 27,021 
(9,793 families); waist circumference: N = 8,965 (3,834 families); 
and WHR: N = 8,962 (3,834 families). 

 Blood pressure 
 Blood pressure was measured in a subset of NTR participants 

as part of several projects that used similar methodology [e.g., 
Hottenga et al .  ( 43 )]. Here, we analyze SBP and DBP measured 
at rest. For subjects who participated in multiple projects, the 
fi rst measure was selected. SBP and DBP were corrected for anti-
hypertensive medication use by adding drug-class specifi c aver-
age treatment effects to the measured values ( 44–47 ). In total, 
data from 2,792 subjects (1,334 families) were analyzed. 

 Statistical analysis 
 The variance of a trait (phenotypic variance, or V P ) can be 

divided into genetic variance (V G ), due to genetic differences 
between individuals, common environmental variance (V C ), due 
to environmental factors that are shared within families, and 
unique environmental variance (V E ), caused by environmental 
factors that are not shared within families ( 48 ). V E  also includes 



2918 Journal of Lipid Research Volume 54, 2013

of HDL and total cholesterol. Many traits showed a signifi -
cant sex difference in the effect of age on trait level ( P  < 
0.01,  Table 1 ), with males having on average a steeper in-
crease in WHR and DBP with age compared with females, 
and females showing a steeper increase in the levels of to-
tal cholesterol, LDL, triglycerides, and glucose with age. 
Sex differences in the total variance ( P  < 0.01,  Table 1 ) 
were evident for BMI, waist, and HDL (larger variance in 
females) and for triglycerides (larger variance in males). 
No signifi cant sex difference in variance was observed for 
WHR, total cholesterol, LDL, glucose, insulin, SBP, or 
DBP. Height showed a signifi cant increase with birth year, 
and the mean and variance of height and the effect of 
birth year on height were larger in males compared with 
females ( P  < 0.01,  Table 1 ).   Fig. 1    shows the means of each 
trait in males and females, separately for the two age groups 
in which heritability analyses were conducted. 

 Familial resemblance for metabolic syndrome traits 
 The familial correlations (  Table 2  )  indicated a substan-

tial role of genetic infl uences on metabolic syndrome 
traits, with higher correlations in MZ twins than in DZ 
twins, nontwin siblings, and parent-offspring pairs. Scat-
terplots illustrating the similarity of sib-pairs are shown in 
supplementary Fig. I. When looking at the correlations of 
MZ twin pairs, male MZ twins were slightly more similar 
compared with female MZ twins for WHR, total choles-
terol, HDL, LDL and triglycerides, and insulin, while 
female MZ twins showed slightly larger similarity for SBP 
and glucose. 

 Finally, the data from spouses were used to examine the impor-
tance of shared household effects (environmental effects that con-
tribute to the similarity of people who share a household). For 
each metabolic syndrome trait, the correlation between the mean 
age of spouses (as a measure of the duration of their relationship) 
and the absolute trait difference between spouses (as a measure of 
their similarity) was computed. A negative correlation suggests 
that spouses become more similar (the difference between spouses 
becomes smaller) with increasing duration of their relationship, 
which is suggestive of shared household effects. 

 RESULTS 

 Variation of metabolic syndrome traits with age and sex 
 The mean age of subjects varied slightly for different 

traits; for parents, the mean age ranged from 45.28 (SD = 
5.70) to 61.88 (SD = 7.05) years and the age of the off-
spring (twins and siblings) ranged from 28.79 (SD = 11.93) 
to 42.12 (SD = 10.58) years for different traits. For a de-
tailed description of the age, sex, and numbers of family 
members for which data on different traits were available, 
see supplementary Table I. All metabolic syndrome traits 
showed a signifi cant increase with age ( P  < 0.001,   Table 1  ). 
 Signifi cant sex differences in means ( P  < 0.01,  Table 1 ) 
were observed for all traits except for insulin ( P  = 0.315). 
On average, males had an unfavorable metabolic profi le 
compared with females, with a higher mean BMI, waist 
circumference, WHR, SBP, and DBP, and higher levels of 
LDL, triglycerides, and glucose. Females had higher levels 

 TABLE 1. Sex differences in mean values, standard deviation, and the effect of age on 
metabolic syndrome traits and height 

N Mean   a   SD   a    �  age   b   

Height (cm) F 15,095 168.85* 6.54* 1.40* ,    c   
M 9,809 181.31 7.37 2.12   c   

BMI (kg/m 2 ) F 16,312 24.290* 4.389* 1.636
M 10,709 24.772 3.606 1.583

Waist (cm) F 5,730 83.400* 12.350* 0.532
M 3,235 92.170 11.940 0.556

WHR (cm/cm) F 5,728 0.802* 0.081 0.039*
M 3,234 0.891 0.084 0.044

Total cholesterol (mmol/l) F 4,840 5.185* 1.088 0.542*
M 2,628 5.142 1.045 0.376

HDL (mmol/l) F 4,839 1.521* 0.385* 0.025
M 2,627 1.255 0.335 0.012

LDL (mmol/l) F 4,833 3.097* 0.972 0.445*
M 2,620 3.207 0.936 0.310

Triglycerides (mmol/l, LN) F 4,841 0.094* 0.450* 0.124*
M 2,628 0.269 0.514 0.088

Glucose (mmol/l) F 4,866 5.293* 0.536 0.197*
M 2,697 5.483 0.533 0.145

Insulin (µIU/ml, LN) F 4,835 1.975 0.703 0.056
M 2,675 2.003 0.738 0.093

SBP (mmHg)   d   F 1,665 122.689* 13.301 2.764
M 1,127 129.844 12.347 1.496

DBP (mmHg)   d   F 1,665 76.097* 10.263 2.495*
M 1.127 77.986 10.511 4.044

* P  < 0.01 in estimate between males and females. F, female; M, male; LN, LN-transformed values.
  a    Obtained from a model in Mx without correction for age.
  b    Beta for the regression of metabolic syndrome traits on age. The effect of age was signifi cant for all traits 

( P  < 0.001, for dropping  �  age in both sexes).
  c    For height only, the  �  in this column represents the effect of birth year rather than age.
  d    Corrected for medication use.
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 Spousal resemblance for metabolic syndrome traits 
 Signifi cant spouse correlations were observed for most 

traits. Spouses were most similar for anthropometric traits, 
glucose, and insulin (correlations ranging from  r  = 0.18 for 
WHR to  r  = 0.31 for insulin,  P  < 0.01). For lipids, spouse cor-
relations ranged from 0.10 to 0.13. Spouse correlations were 
not statistically signifi cant for triglycerides ( r =  0.09,  P  = 
0.026), SBP ( r =  0.01,  P  = 0.911), or DBP ( r =   � 0.07,  P  = 0.408). 
Correlations between the mean age of spouses and the dif-
ference in their trait values ( Table 2 ) were not signifi cant 
for any trait, which suggests that spousal resemblance for 
metabolic syndrome traits does not increase with increasing 
duration of the relationship. 

 Correlations between parents and offspring were generally 
a bit smaller compared with correlations between DZ twins 
and siblings for all metabolic traits, particularly for SBP and 
DBP. This pattern is suggestive age-specifi c expression of ef-
fects or the presence of nonadditive genetic effects. Age-strat-
ifi ed twin correlations (supplementary Table II) overall did 
not suggest large differences in heritability in the younger 
and older age group for most variables, though some varia-
tion between age groups was present. For HDL, total choles-
terol, and LDL, dizygotic opposite-sex (DOS) correlations 
were consistently smaller in the younger group of twins, 
which is suggestive of qualitative sex effects (e.g., differences 
in the set of genes infl uencing a trait in males and females). 

 TABLE 2. Familial correlations and spousal resemblance for metabolic syndrome traits and height 

Height BMI Waist WHR TC HDL LDL TG Insulin Glucose SBP DBP

MZ twins
 MZ males 0.90 0.79 0.76 0.60 0.74 0.75 0.72 0.67 0.53 0.49 0.58 0.60
 MZ females 0.90 0.78 0.76 0.49 0.65 0.65 0.67 0.54 0.46 0.52 0.61 0.60
Male twins/sibs
 DZ males 0.50 0.46 0.45 0.48 0.30 0.57 0.27 0.38 0.39 0.34 0.25 0.21
 Brother-brother   a   0.50 0.28 0.33 0.27 0.30 0.34 0.30 0.27 0.33 0.33 0.28 0.41
Female twins/sibs
 DZ females 0.51 0.40 0.37 0.25 0.43 0.36 0.39 0.23 0.20 0.34 0.51 0.46
 Sister-sister   a   0.47 0.33 0.34 0.09 0.31 0.29 0.37 0.19 0.22 0.33 0.24 0.42
Opposite-sex twins/sibs
 DZ opposite-sex 0.46 0.30 0.26 0.25 0.25 0.24 0.26 0.18 0.30 0.32 0.32 0.32
 Sister-brother   a   0.46 0.23 0.20 0.10 0.20 0.25 0.23 0.19 0.12 0.24 0.33 0.32
Parent-offspring
 Mother-daughter 0.50 0.27 0.22 0.21 0.29 0.16 0.30 0.17 0.19 0.21  � 0.08 0.01
 Mother-son 0.48 0.20 0.23 0.16 0.23 0.16 0.20 0.20 0.23 0.14 0.04 0.11
 Father-son 0.49 0.21 0.20 0.17 0.28 0.26 0.25 0.18 0.22 0.22 0.26 0.19
 Father-daughter 0.46 0.24 0.24 0.14 0.32 0.29 0.31 0.19 0.16 0.27 0.04 0.27
Spouses
 Mother-Father 0.26 0.22 0.22 0.18 0.13 0.10 0.13 0.09 0.31 0.24 0.01  � 0.07
 Age-abs. difference   b   NA  � 0.04  � 0.05 0.01 0.01 0.01  � 0.03  � 0.05 0.08 0.02  � 0.08  � 0.03

NA, not applicable; TC, total cholesterol; TG, triglyceride.
  a    Correlations among nontwin sibling pairs and between twins and their nontwin sibling.
  b    Correlations between the mean age of spouses and the absolute difference in their trait values.

  Fig.   1.  Mean   trait values stratifi ed by age and sex. 
Age categories were defi ned based on the median 
age of subjects (young = subjects younger than the 
median and older = subjects older than the median). 
The median age was 35 years for SBP and DBP; 39 
years for BMI; 40 years for HDL, LDL, total choles-
terol, and triglycerides; and 41 for insulin, glucose, 
waist, and WHR. For height only, birth year (median = 
1966) instead of age was used to defi ne categories. 
Error bars represent standard deviations.   
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slightly lower heritability in males compared with females in 
the older age group, while this pattern was not observed in 
the younger age group (e.g., for glucose, young females: H 2  = 
0.61, older females: H 2  = 0.56). The results suggested no 
important role of qualitative sex differences; signifi cant 
qualitative sex differences were only observed in the younger 
age group for BMI, total cholesterol, and HDL, and in the 
older age group, only for insulin. The most consistent fi nd-
ing across traits that emerged when analyzing the two age 
groups separately was a divergence of broad- and narrow-
sense heritability estimates ( Fig. 2 ). Whereas most of the 
heritable variation across traits in the younger age group 
was explained by additive genetic effects, nonadditive ge-
netic effects accounted for a considerable portion of the 
heritability of all traits in the older age group. 

 DISCUSSION 

 We examined the contribution of genetic and environ-
mental infl uences to the variation in metabolic syndrome 
traits in a large population-based sample of twin families, 
representing one of the most extensive family-based data-
sets on metabolic syndrome traits described thus far. Our 
twin-family design allowed for representative estimation of 
narrow-sense and broad-sense heritability in the general 
population and allowed us to examine whether genetic in-
fl uences on metabolic syndrome traits interact with age and 
sex. In summary, moderate to high broad-sense heritability 
estimates were evident for all traits, ranging from H 2  = 0.47 
for insulin to H 2  = 0.78 for BMI. Averaging the estimates of 
broad-sense heritability over all metabolic syndrome traits, 
genetic variation accounted for 62% of the phenotypic vari-
ation of metabolic syndrome traits on average. Although 
these heritability estimates showed some variation across 
age groups and sex, it can be concluded that overall, herita-
bility estimates were consistently high. These fi ndings em-
phasize the importance of heritable infl uences on individual 
differences in susceptibility to the metabolic syndrome. 

 The rising prevalence of the metabolic syndrome is most 
likely related to changes in lifestyle, including an increase 
in the consumption of high-energy food and a decrease in 
physical activity. Our fi ndings indicate that even though 
lifestyle changes are driving an increase in the prevalence 

 Heritability of metabolic syndrome traits 
   Table 3    shows the heritability estimates based on all data 

(sexes and age groups combined). Moderate to high herita-
bilities were evident for all traits, with the highest estimates 
for height (H 2  = 0.90), BMI (H 2  = 0.78), and waist circum-
ference (H 2  = 0.76). The heritability of WHR was lower 
compared with other body composition measures (H 2  = 
0.49). For lipids, broad heritability estimates ranged from 
0.59 (triglycerides) to 0.67 (total cholesterol). Heritabilities 
were estimated at 0.47 and 0.53 for insulin and glucose and 
at 0.61 and 0.60 for DBP and SBP. While the narrow-sense 
heritability (h 2  = 0.81) and broad-sense heritability (H 2  = 
0.90) of height indicated that additive genetic effects ex-
plain most of the total heritability of height, metabolic syn-
drome traits generally showed a larger discrepancy between 
broad- and narrow-sense heritability. For BMI and waist cir-
cumference, almost half of the broad-sense heritability was 
ascribed to nonadditive genetic effects. 

 For all traits except for insulin, the phenotypic variance 
was larger in the older subjects (see Materials and Meth-
ods for defi nition) compared with younger subjects (sup-
plementary Table III). The median age was 35 years for 
SBP and DBP, 39 years for BMI, 40 years for HDL, LDL, 
total cholesterol and triglycerides, and 41 for insulin, glu-
cose, waist, and WHR. Comparing the heritability estimates 
in the younger versus older group, no large differences 
were evident, although broad-sense heritability estimates 
were a bit lower in the older group for BMI, waist cir-
cumference, total cholesterol, LDL, and glucose, while the 
heritabilities of WHR, HDL, and triglycerides were esti-
mated a bit higher in the older age group. No signifi cant 
qualitative genetic differences between age groups were 
found. 

 When the heritability was analyzed separately by age and 
sex (allowing for differences in additive genetic infl uence 
(A), dominance genetic infl uence (D), and unique envi-
ronmental infl uence (E) between age groups and differ-
ences in A and E between males and females), age-related 
differences were more pronounced in males compared with 
females (  Fig. 2  ).  This pattern was most evident for LDL 
(young males: H 2  = 0.75, older males: H 2  = 0.52), total cho-
lesterol (young males: H 2  = 0.77, older males: H 2  = 0.51), 
and glucose (young males: H 2  = 0.64, older males: H 2  = 0.27) 
and was primarily due to larger unique environmental vari-
ance in the older group. Consequently, these traits showed 

 TABLE 3. Heritability estimates of metabolic syndrome traits and height 

Height BMI Waist WHR TC HDL LDL TG Insulin Glucose SBP DBP

NSs 24,904 27,021 8,965 8,962 7,468 7,466 7,453 7,469 7,510 7,563 2,792 2,792
V P 42.89 14.14 119.58 0.0051 0.93 0.13 0.77 21.25 0.50 0.25 161.21 97.48
h 2 0.81 0.41 0.39 0.31 0.51 0.40 0.51 0.33 0.31 0.38 0.37 0.53
d 2 0.09 0.37 0.37 0.18 0.16 0.27 0.18 0.25 0.16 0.15 0.24 0.08
H 2 0.90 0.78 0.76 0.49 0.67 0.67 0.69 0.59 0.47 0.53 0.60 0.61
SE 0.01 0.02 0.03 0.06 0.03 0.04 0.03 0.03 0.04 0.03 0.08 0.09

All trait values were corrected for age and sex by linear regression, and overall heritability estimates were 
obtained based on the entire sample, assuming no differences in heritability between sexes or age groups. d 2 , 
proportion of variation due to nonadditive genetic effects (V D  / V P ); h 2 , narrow-sense heritability (V A  / V P ); H 2 , 
broad-sense heritability [(V A  + V D ) / V P ]; NSs, total number of subjects included in the analysis; SE, robust standard 
error of the broad-sense heritability estimate from poly; TC, total cholesterol, TG, triglyceride; V p , total phenotypic 
variance after taking out age and sex effects.
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syndrome traits ( 18, 22, 27 ), an important part of the heri-
tability of all metabolic syndrome traits was ascribed to 
nonadditive genetic effects in our study, particularly in the 
older age group. To our knowledge, our study is the fi rst 
that specifi cally looked at the variation of nonadditive ge-
netic effects across age groups. The overall estimates of 
narrow-sense and broad-sense heritability from our study 
are largely similar to the estimates reported previously 
based on an analysis of extended Sardinian pedigrees that 
included siblings, parent-offspring pairs, grandparent-
grandchild pairs, avuncular relationships, and more dis-
tant relatives [e.g., for BMI: H 2  = 0.78 and h 2  = 0.41 in our 
study, versus H 2  = 0.78 and h 2  = 0.36 in the study by Pilia 
et al. ( 19 )]. In our study, the information about nonaddi-
tive genetic effects comes from the difference between the 
phenotypic correlation in MZ twins compared with DZ 
twins and siblings, and from the difference between the 
phenotypic correlation among parents and offspring com-
pared with DZ twins and siblings. The variation ascribed 
to nonadditive genetic effects may include genetic domi-
nance effects and epistasis, as well as other genetic effects 
not acting in an additive manner (causing, e.g., lower par-
ent-offspring similarity compared with sib-pair similarity), 
such as interactions between genetic effects and age or 
generation. We found no evidence for a difference in the 
set of genes infl uencing metabolic syndrome traits in sub-
jects of different ages, suggesting that interactions between 
genetic effects and age or generation are not a likely expla-
nation for the nonadditive effects observed in this study. 
Our fi nding that part of the broad-sense heritability of 
metabolic syndrome traits is ascribed to nonadditive genetic 

of metabolic syndrome, the heritability of the underlying 
traits continues to be high. This fi nding may refl ect that 
within wealthy countries, including the Netherlands, envi-
ronmental conditions contributing to these traits are ho-
mogenously distributed, with, for example, high-caloric 
meals being available to every adult individual. Even in 
this uniform “obesogenic” environment, not every indi-
vidual develops an unhealthy metabolic profi le, and our 
study indicates that these individual differences in meta-
bolic syndrome traits are largely explained by genetic dif-
ferences between individuals. 

 Analysis of qualitative genetic differences across age and 
sex suggested that the same set of genes accounts for the 
variation in metabolic syndrome traits in subjects with an 
age above the median age in our sample (around 40 years) 
and subjects with an age below the median age. We also 
found that the same genes generally accounted for meta-
bolic syndrome traits in men and women, with a few excep-
tions: For BMI, HDL, and total cholesterol, the data from 
opposite-sex relatives suggested that the set of genes infl u-
encing variation in these traits was not entirely the same for 
men and women in the younger age group, and for insulin, 
different genes contributed to the variation in men and 
women in the older age group. One possible explanation 
for our fi nding that the genes infl uencing BMI in the 
younger age group differs between males and females could 
be that this fi nding is related to pregnancy-related changes 
in BMI in women, as most women in the reproductive age 
range were categorized within the younger age group. 

 While thus far only a few studies have reported that nonad-
ditive genetic effects contribute to the variation in metabolic 

  Fig.   2.  Heritability estimates stratifi ed by age and sex. a 2  = narrow-sense heritability = V A  / V P , d 2  = V D  / V P , 
e 2  = V E  / V P . Age categories were defi ned based on the median age of subjects (young = subjects younger than 
the median and older = subjects older than the median). The median age was 35 years for SBP and DBP; 39 
years for BMI; 40 years for HDL, LDL, total cholesterol, and triglycerides; and 41 for insulin, glucose, waist, 
and WHR. For height only, birth year (median = 1966) instead of age was used to defi ne categories. A: Young 
males. B: Older males. C: Young females. D: Older females.   
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effects may explain some of the variation between herita-
bility estimates reported by previous studies. 

 When looking at the data from spouse pairs, we noticed 
signifi cant spouse correlations for all traits except for trig-
lycerides, and we hypothesized that the similarity between 
spouses may refl ect shared household effects (e.g., similar-
ity in diet, leisure time activities, etc., in subjects who live 
together). To explore this hypothesis, we tested whether 
the similarity of spouses increases over time, but we found 
no evidence for an increase in the similarity of spouse pairs 
with increasing duration of their relationship. This obser-
vation does not rule out, however, that shared household 
effects do account for the similarity of metabolic syndrome 
traits in spouse pairs without inducing an increase in the 
resemblance of spouses over time, which could be interest-
ing to assess in future studies. In addition to shared house-
hold effects, spousal similarity for anthropometric traits 
may, at least to some extent, be related to assortative mat-
ing. Assortative mating refers to the phenomenon that 
individuals tend to choose a partner whose phenotype is 
similar to their own, and it has been demonstrated to con-
tribute to spousal similarity in height and BMI ( 51 ). 

 To summarize, our fi ndings indicate that in a represen-
tative population-based sample including multiple types of 
family relationships, individual metabolic syndrome traits 
are moderately to highly heritable. Representative herita-
bility estimates are informative to obtain an estimate of the 
total genetic variation of traits that can be explained by 
currently identifi ed loci based, for example, on genome-
wide association studies (GWAS). Signifi cant GWAS hits 
identifi ed to-date together explain between 1% and 2% of 
the variation in BMI, 10% of the variation in height, and 
10% of the variation in HDL cholesterol ( 52 ). Accordingly, 
a large part of the heritability of these traits still remains to 
be identifi ed.  

 The authors like to thank all the twins and family members. 
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