
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 50, 2009 1917

S. B. Roberts, P. J. Fuss, A. S. Greenberg, M. A. McCrory, 
T. J. Bouchard, Jr., E. Saltzman, and M. C. Neale.  Genetic and 
environmental infl uences on factors associated with cardio-
vascular disease and the metabolic syndrome.  J. Lipid Res . 
2009 . 50:  1917–1926.  

 Supplementary key words twins • heritability • genetics • risk factors 

 Cardiovascular disease (CVD) is the leading cause of 
death in the United States ( 1 ). Metabolic syndrome 
(MetS) is defi ned as the clustering of factors associated 
with elevated CVD risk including glucose intolerance, dys-
lipidaemia, hypertension, and central adiposity ( 2 ). Esti-
mated to affect over 34% of American adults ( 1 ), MetS is 
designated as a secondary target of coronary heart disease 
risk-reduction therapy after the primary target, LDL cho-
lesterol ( 3 ). “Cardiometabolic syndrome” is a relatively 
new term that describes the clustering of factors that in-
fl uence CVD and type 2 diabetes risk ( 4 ). Cardiometabolic 
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(CVD) and metabolic syndrome (MetS) remains unclear. We 
performed model-fi tting analyses to quantify genetic, com-
mon environmental, and unique environmental variance 
components of factors associated with CVD and MetS [waist 
circumference, blood pressure, fasting plasma glucose and 
insulin, homeostatic model assessment of insulin resistance 
(HOMA-IR), and fasting plasma lipids] in adult male and 
female monozygotic twins reared apart or together. We also 
investigated whether MetS components share common in-
fl uences. Plasma cholesterol and triglyceride concentrations 
were highly heritable (56–77%, statistically signifi cant). 
Waist circumference, plasma glucose and insulin, HOMA-IR, 
and blood pressure were moderately heritable (43–57%, sta-
tistically signifi cant). Unique environmental factors contrib-
uted to the variance of all variables (20–38%, perforce 
statistically signifi cant). Common environmental factors 
contributed 23, 30, and 42% (statistically signifi cant) of the 
variance of waist circumference, systolic blood pressure, 
and plasma glucose, respectively. Two shared factors infl u-
enced MetS components; one infl uenced all components 
except HDL cholesterol, another infl uenced only lipid (tri-
glyceride and HDL cholesterol) concentrations.   These re-
sults suggest that genetic variance has a dominant infl uence 
on total variance of factors associated with CVD and MetS 
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 MATERIALS AND METHODS 

 Subjects 
 Subjects were 157 adult men and women, aged 18–76 years, 

who participated in the Tufts Twin Study at the Jean Mayer US 
Department of Agriculture Human Nutrition Research Center 
on Aging (HNRCA) at Tufts University. They included 78 mono-
zygotic twin pairs who were either reared apart since near 
birth (29 pairs) or reared together (49 pairs), and one single-
ton monozygotic twin whose reared-together twin did not par-
ticipate in the study. The singleton twin was included in data 
analyses because singleton data may reduce biases due to non-
random ascertainment ( 47 ). Participants were healthy without 
any major medical condition including diabetes, active cancer, 
heart disease, cachexia, eating disorders, AIDS, psychiatric dis-
orders, pregnancy, or recent weight change. MZAs were re-
cruited through their participation in the Minnesota Study of 
Twins Reared Apart at the University of Minnesota (47a) and 
lived in North America, Europe (United Kingdom, The Nether-
lands, Germany, and Poland), South Africa, or Australia. MZTs 
were recruited by advertisements in the New England area. A 
few MZTs were from other parts of the United States, Canada, 
and Germany. Subjects were reimbursed for travel expenses 
and given a stipend for their participation in the study. The 
protocols were approved by the Institutional Review Board at 
Tufts University and all subjects gave written and informed 
consent. 

 Protocol 
 Each subject was admitted to the Metabolic Research Unit at 

the HNRCA for  � 4 days of observation and completed a variety 
of examinations and questionnaires concerning energy intake, 
expenditure, and regulation. Subjects from overseas spent a week 
in Minnesota prior to travel to Boston, which allowed for recov-
ery from jetlag. During the 4-day inpatient study at Tufts, subjects 
slept and ate all meals in the research center. Assessments were 
made in the areas of anthropometry, blood pressure, fasting 
plasma lipids, glucose, and insulin. 

 Nonlaboratory assessments 
 Body weight and height were measured to the nearest 0.01 kg 

and 0.1 cm, respectively, on each of the 4 study days. Mean body 
weight and height were used to determine body mass index 
(BMI), calculated as weight/height 2  (kg/m 2 ). Waist circumfer-
ence was measured to the nearest 0.05 cm. Systolic and diastolic 
blood pressures were measured by aneroid sphygmomanometer 
under standardized conditions. 

 Laboratory assessments 
 Blood samples taken after a 12-h supervised overnight fast 

were collected and assayed for total cholesterol and triglyceride 
with an Abbott Spectrum analyzer using enzymatic reagents 
from Abbott Diagnostics (Dallas, TX) ( 48 ). HDL cholesterol was 
measured in the supernatant fraction after precipitation of apo-
lipoprotein (apo) B-containing lipoproteins using dextran sul-
fate magnesium ( 49 ). LDL cholesterol concentrations were 
estimated using the Friedwald formula (LDL cholesterol = total 
cholesterol  �  HDL cholesterol  �  triglyceride/5) ( 50 ). LDL cho-
lesterol concentrations were determined directly when triglycer-
ide concentrations exceeded 400 mg/dl (Olympus America Inc., 
Melville, NY). Lipid assays were standardized through the Lipid 
Standardization Program of the Centers for Disease Control and 
Prevention, Atlanta, GA. Fasting blood glucose concentrations 
were determined using a coupled enzyme assay ( 50 ) and plasma 
insulin using a competitive binding radioimmunoassay ( 51 ). 

syndrome has been established to be a complex condition 
of multifactorial etiology ( 5 ); however, the relative infl u-
ence of genetic and environmental factors on compo-
nents of cardiometabolic syndrome remains imprecisely 
known. 

 The relative infl uence of genetic factors is expressed 
as heritability, which is the proportion of total pheno-
typic variance in a given trait that is attributable to ge-
netic variation ( 6 ). A number of studies have estimated 
the heritability of components of cardiometabolic syn-
drome but these estimates vary widely. For example, heri-
tability estimates range from 39–76% for waist 
circumference ( 7–13 ), 8–51% for fasting insulin ( 12–22 ), 
7–77% for fasting glucose ( 11–13, 16, 19–24 ), 8–59% for 
insulin resistance assessed by the homeostatic model as-
sessment of insulin resistance (HOMA-IR) ( 12, 13, 19–23, 
25–28 ), 20–66% for diastolic blood pressure ( 11, 12, 18, 
29–38 ), 8–72% for fasting total cholesterol ( 12, 29, 30, 
38–42 ), 60% for fasting VLDL ( 20 ), 31–68% for fasting 
LDL ( 12, 19, 22, 29, 30, 38, 41, 42 ), 21–79% for fasting 
HDL ( 11–13, 18–20, 22, 25, 29, 30, 38–42 ), and 19–72% 
for fasting triglycerides ( 11–13, 18–20, 22, 25, 29, 30, 38, 
40, 41 ). Most of these studies have used the “classical 
twin study” comparing monozygotic and dizygotic twins 
( 7, 8, 10, 15, 16, 18, 23, 27, 29, 30, 34, 36, 38, 39, 41, 42 ), 
which may overestimate the heritability ( 43 ). In contrast, 
the family and adoption designs used in other studies ( 9, 
11–14, 19–22, 24, 26, 28, 31, 32, 35, 37 ) may underesti-
mate this variance component ( 43 ). Only fi ve reports 
have focused on monozygotic twins reared apart ( 17, 25, 
33, 40, 44 ), which may provide the least biased estimate 
of heritability ( 43 ). However, all these studies examined 
only a small subset of cardiometabolic syndrome compo-
nents and four used the same population of Swedish 
twins. In addition, only three articles reported heritabili-
ties of all fi ve MetS components ( 11–13 ) as defi ned by 
the Third Report of the National Cholesterol Education 
Program’s Adult Treatment Panel (ATP III) ( 3 ) and only 
one estimated the heritability of MetS as a syndrome 
(24%) ( 11 ). Furthermore, few studies have investigated 
whether clustered components of cardiometabolic syn-
drome are under the infl uence of shared genetic and 
environmental factors ( 17, 23, 25, 45, 46 ). Comparison 
of results among these studies is diffi cult because each 
study investigated a different combination of cardiomet-
abolic syndrome components. The potential shared in-
fl uences of the ATP III-defi ned MetS components have 
not yet been investigated, and such an investigation 
would provide insight into the etiology of this commonly-
referenced syndrome. 

 The objectives of this study were to quantify genetic 
and environmental infl uences on cardiometabolic syn-
drome components, and to investigate whether MetS 
components share common genetic and environmental 
infl uences. This work was part of the Tufts Twin Study, 
a cross-sectional investigation of the heritability of 
energy regulation measures in a population of monozy-
gotic twins reared apart (MZAs) or reared together 
(MZTs). 
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in  � 2lnL between nested models (which differ because one or 
more parameters are constrained to equal each other or specifi c 
values) is asymptotically distributed as c 2  with degrees of freedom 
(df) equal to the difference in the number of free parameters in 
the two models. However, under the null hypothesis that a vari-
ance component is zero, the LRT is distributed as a 50:50 mix-
ture of c 2  with 1 df and zero ( 58, 59 ). 

 Univariate analyses were performed on 14 variables to estimate 
the proportion of variance due to G, C, and E. The variables ana-
lyzed were: weight, height, BMI, waist circumference, systolic 
blood pressure, diastolic blood pressure, fasting plasma glucose, 
fasting plasma insulin, HOMA-IR, total cholesterol, VLDL, LDL, 
HDL, and triglycerides. Age and gender were included in the 
analyses as covariates. 

 Multivariate analysis was used to investigate how genetic and 
environmental factors infl uence the components of the ATP-III-
defi ned MetS ( 3 ). Several multivariate GCE models were fi t 
to the fi ve components of MetS: waist circumference, fasting 
plasma glucose, triglycerides, HDL, and blood pressure. Of the 
two measures of blood pressure, only diastolic blood pressure was 
included in the analysis to avoid overemphasis on blood pres-
sure. Diastolic blood pressure was chosen because it showed 
greater correlations with the other MetS components compared 
with systolic blood pressure (data not shown). Age and gender 
were included in the analysis as covariates. The following series of 
standard models was used; each represents a different possible 
set of relationships between the observed variables and the latent 
factors: Cholesky decomposition; independent pathway; and 
one-, two- and three-factor common pathway ( 47 ). In addition, a 
hypothesis-driven model was considered. These models were 
compared on the basis of likelihood and parsimony to determine 
the model with the best fi t to the data. The difference in likeli-
hood was assessed by calculating the difference in  � 2lnL between 
models. Parsimony was assessed by Akaike’s Information Crite-
rion (AIC), which may be computed as  � 2lnL  �  2df, where the 
more negative value indicated the most parsimonious model. 

 The hypothesis-driven model is based on established correla-
tions between the components of MetS. Visceral adiposity has 

HOMA-IR was calculated [(mg/dl) × insulin (µU/ml) / 405] to 
quantify insulin resistance ( 52 ). 

 Statistical analysis 
 Descriptive statistics were calculated using SAS 9.1 ( 53 ). To 

obtain normal or near-normal distributions, certain variables 
were transformed using a natural log transformation (weight, 
BMI, systolic blood pressure, fasting plasma glucose, fasting 
plasma insulin, HOMA-IR, total cholesterol, VLDL, LDL, and 
triglycerides) or a Blom transformation (waist circumference). 
Log transformed variables were then multiplied by 100 to in-
crease the variance, which facilitated model-fi tting analyses. 

  Intrapair correlations.    Intrapair (intraclass) MZA and MZT 
correlation coeffi cients were calculated as a measure of within-
pair similarity using SPSS 15.0 ( 54 ). MZA intrapair correlations 
provide a simple estimate of heritability, because their covari-
ance consists solely of the genetic component of variance ( 6 ). 
However, this technique of heritability estimation is inferior to 
model-fi tting analyses because it may lead to nonsensical esti-
mates of heritability, it does not easily generalize to multivari-
ate genetic factor models, it is ineffi cient when there are missing 
data, and it does not optimally combine data from multiple 
groups ( 55 ). 

  Model-fi tting analyses.    Model-fi tting analyses were based on the 
decomposition of variance into genetic (G), common or shared 
environmental (C), and unique or nonshared environmental (E) 
components. Genetic variance (V G ) is caused by differences in 
genes between individuals. Common environmental variance 
(V C ) is due to environmental factors responsible for resemblance 
between family members, whereas unique environmental vari-
ance (V E ) is due to environmental factors that contribute to dif-
ferences between family members ( 6 ). Unique environmental 
variance comprises any variance that is not due to genetic or 
common environmental factors, including variance due to mea-
surement error. Total phenotypic variance (V P ) can be repre-
sented as V P  = V G  + V C  + V E . Heritability was defi ned as the 
proportion of total phenotypic variance in a given trait that is at-
tributable to genotypic variance ( 6 ). 

 In the present study, variance decomposition was applied in 
the MZA/MZT design, where it was assumed that all monozygotic 
twin pairs share 100% of their genetic material. MZT pairs share 
all common environmental factors (such as parents, siblings, 
home, and economic factors), and MZAs do not correlate for 
these common environmental effects. That is, it was assumed that 
MZAs were placed in homes selected at random from the popula-
tion. These relationships can be depicted in a path diagram 
(  Fig. 1  ).  The covariance of MZAs (COV MZA ) is V G  and the covari-
ance of MZTs (COV MZT ) is V G  + V C . 

 The MZA/MZT twin model used here was based on the follow-
ing assumptions:  1 ): traits follow polygenic autosomal inheri-
tance;  2 ) the observed phenotypic variance is a linear additive 
function of genetic and environmental variances;  3 ) genetic and 
environmental effects are uncorrelated and there is no genotype 
by environmental interaction;  4 ) there is no selective placement 
(nonrandom adoption of twins into similar families); and  5 ) ge-
netic and environmental factors are of the same magnitude in 
males and females ( 56 ). Note also that any genetic effects of as-
sortative mating contribute to V G  and that differences in methyla-
tion within a twin pair contribute to V E . 

 Model-fi tting analyses were performed using Mx, a structural 
equation modeling software package ( 57 ). Mx fi ts the MZA/MZT 
GCE model to the raw observed data. It estimates parameters us-
ing maximum likelihood and computes goodness-of-fi t statistics 
based on minus twice the natural logarithm of the likelihood 
( � 2lnL). Likelihood ratio tests (LRT) are used to test hypothe-
ses, because under certain regularity conditions, the difference 

  Fig. 1.  Path diagram of the univariate MZA/MZT GCE twin 
model. C, common environmental factors; E, unique environmen-
tal factors; G, genetic factors; MZA, monozygotic twins reared 
apart; MZT, monozygotic twins reared together; P 1 , phenotype of 
twin 1; P 2 , phenotype of twin 2; g, c, e are path coeffi cients. Circles 
represent latent (unmeasured) variables. Squares represent ob-
served (measured) variables. Single-headed arrows represent hy-
pothesized casual relationships between variables. Double-headed 
arrows represent correlation or covariance between variables.   
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waist circumference, and systolic and diastolic blood pres-
sure, suggesting that common environmental factors play 
a role in these phenotypes (  Table 2  ).  MZA intrapair 
correlations are a simple estimate of heritability showing 
signifi cant estimates for cardiometabolic syndrome com-
ponents ranging from 46% for plasma insulin to 82% for 
total cholesterol concentrations. However, as previously 
noted, this technique of heritability estimation is not as 
reliable as model-fi tting analyses ( 55 ). 

 All components of cardiometabolic syndrome were 
found to have a statistically signifi cant heritability (  Fig. 2  , 
confi dence intervals reported in   Table 3  ).  Heritability esti-
mates of the plasma lipid variables (total, VLDL, LDL and 
HDL cholesterol, and triglyceride concentration) were 
higher (56–77%) than heritability estimates of blood pres-
sure (38–45%) and glucose and insulin measures 
(43–52%). The proportion of variance due to unique en-
vironmental infl uences factors (which is perforce statisti-
cally signifi cant because the likelihood of the data 
approaches zero in the limit as the estimate of E does) 
ranged from 13% for weight to 38% for diastolic blood 
pressure. The proportion of variance due to common en-
vironmental infl uences was found to be statistically signifi -
cant for waist circumference (23%), systolic blood pressure 
(30%), and plasma glucose (42%). 

 Multivariate analyses were conducted to examine the 
extent to which components of MetS share common ge-
netic and environmental infl uences. MZA and MZT vari-
ances, covariances, and correlations are shown in   Table 4   
for the fi ve components of MetS.   Table 5   shows goodness-of-
fi t data for the six models tested for the MetS multivariate 
analysis. The common pathway, the two-factor common 
pathway, and the hypothesis-driven models were similarly 
parsimonious (AIC of 3550.4, 3549.3, and 3550.1, respec-
tively). Nevertheless, the hypothesis-driven model was cho-
sen as the best model because it was the most biologically 
plausible.  

 A path diagram for the multivariate analysis of MetS 
components is shown in  Fig. 3 . Standardized parameter 
estimates are indicated along the paths, with 95% confi -
dence intervals reported in parentheses. The paths de-
picted as bolded lines were statistically signifi cant. A 
common latent factor that was statistically signifi cantly in-
fl uenced by genetic and common environmental factors 
was found to statistically signifi cantly infl uence waist cir-
cumference, plasma glucose, plasma triglycerides, and 
diastolic blood pressure. Another common latent factor 
was found to statistically signifi cantly infl uence plasma 
triglycerides and HDL cholesterol concentrations. Addi-
tionally, waist circumference and plasma glucose were sta-
tistically signifi cantly infl uenced by specifi c genetic and 
environmental factors, whereas diastolic blood pressure 
was statistically signifi cantly infl uenced only by a specifi c 
unique environmental factor, and the plasma lipid con-
centrations were not statistically signifi cantly infl uenced 
by specifi c factors. As a result, most of the variance of 
plasma triglyceride and HDL cholesterol concentrations 
and diastolic blood pressure was explained by the com-
mon latent factors, whereas most of the variance of waist 

been shown to be associated with an increase in fasting plasma 
glucose, as well as an increase in triglycerides and decrease in 
HDL, and an increase in blood pressure ( 60 ). It has also been 
shown that an increase in triglycerides is associated with a de-
crease in HDL independent of waist circumference ( 61 ). There-
fore, in the hypothesis-driven model, a common latent factor 
(Latent Factor 1,   Fig. 3    ) is depicted as potentially infl uencing all 
fi ve observed variables and another common latent factor (La-
tent Factor 2,  Fig. 3 ) is depicted as potentially infl uencing only 
the lipid measurements. Similar to the independent and com-
mon pathway models, specifi c latent G, C, and E factors are mod-
eled for each of the observed variables, to capture any variance 
that could not be explained by the common latent factors.  

 RESULTS 

 The majority of the subjects were female (72% of MZAs 
and 76% of MZTs) and Caucasian (97% of MZAs and 94% 
of MZTs). MZA twins were statistically signifi cantly older 
than MZT twins (mean age [range]: 49 [22–76] and 29 
[18–47] years, respectively,   Table 1  ).  Mean values of body 
weight, BMI, waist circumference, systolic and diastolic 
blood pressure, plasma glucose and insulin, HOMA-IR, 
plasma total cholesterol, plasma VLDL cholesterol, plasma 
LDL cholesterol, and plasma triglyceride concentrations 
were statistically signifi cantly higher for MZAs compared 
with MZTs, but not after the data were adjusted for age 
( Table 1 ). 

 MZT intrapair (intraclass) correlations were greater 
than MZA intrapair correlations for body weight, BMI, 

  Fig. 2.  Variance components from univariate GCE model for 
components of cardiometabolic syndrome. C, common environ-
mental; DBP, diastolic blood pressure; E, unique environmental; 
FG, fasting plasma glucose; FI, fasting plasma insulin; G, genetic; 
HDL, fasting plasma HDL; HOMA-IR, homeostatic model assess-
ment of insulin resistance; LDL, fasting plasma LDL; SBP, systolic 
blood pressure; TC, fasting plasma total cholesterol; TG, fasting 
plasma triglycerides; VLDL, fasting plasma VLDL; WC, waist cir-
cumference.  a  The variable was transformed by a Blom transforma-
tion.  b  Signifi cant C component. All variables have signifi cant G 
and E components.  c  The variable was transformed by multiplying 
the natural log of the variable by 100.   
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tivariate analyses exploit additional data in the form of 
covariances between variables, both within-person and 
across-twins. 

 DISCUSSION 

 Although the potential contribution of genetic and en-
vironmental infl uences to cardiometabolic syndrome com-
ponents has received considerable attention ( 62 ), current 
estimates of the heritability vary widely and are only avail-
able for a subset of those components. Furthermore, de-
spite attempts to identify an underlying pathology of MetS, 
few studies have examined whether MetS components 
share common genetic and environmental infl uences. 
Our report uses the powerful MZA/MZT study design to 
examine the infl uence of genetic and environmental factors 
on cardiometabolic syndrome components (adiposity, blood 
pressure, insulin resistance, and plasma lipid and lipoprotein 
concentrations) and also to investigate the composition of 
genetic and environmental infl uences on components of 
MetS using a multivariate model-fi tting method. 

 In general, in our MZA/MZT cohort, cardiometabolic 
syndrome components were found to be more heritable 
than previously reported. This fi nding may be due to dif-
ferences in study design or sampling variation. The high 
heritability of plasma lipid and lipoprotein concentra-
tions is consistent with prior research fi ndings that have 
identifi ed genes infl uencing lipid and lipoprotein concen-
trations, or their response to dietary change. For example, 
genetic polymorphisms for proteins involved in lipopro-
tein metabolism, such as apoE, cholesteryl ester transfer 
protein, and hepatic lipase, have been either identifi ed as 
candidate genes for CVD risk or found to modify the lipid 
response to dietary change ( 63, 64 ). The moderate herita-
bility estimates of the other cardiometabolic syndrome 
components is also consistent with previous reports of ge-
netic polymorphisms for proteins that impact on obesity, 
blood pressure, or insulin resistance, such as peroxisome 
proliferator-activated receptor  � , angiotensinogen, and 
calpain-10, respectively ( 62, 65, 66 ). 

 The low estimates of environmental infl uence, and spe-
cifi cally common environmental infl uence, on cardiomet-
abolic syndrome components present a shift from the 
previously proposed importance of the environment on 
CVD risk ( 67 ). For example, a diet high in saturated fat 
has been shown to raise plasma LDL cholesterol concen-
trations ( 68 ) and physical inactivity has been associated 
with lower plasma HDL cholesterol concentrations ( 69 ). 
The results of our study suggest that, despite these estab-
lished causal relationships between environmental factors 
and cardiometabolic syndrome components, genetic vari-
ation is still the dominant source of phenotypic variation 
in these components. This does not, however, rule out the 
importance of lifestyle modifi cation to lower CVD and 
type 2 diabetes risk. Our data support the hypothesis that 
changes in our environment could result in modest yet 
clinically important improvements in lipid and lipoprotein 
profi les, insulin sensitivity, blood pressure, and body weight, 
which can lower CVD and type 2 diabetes risk ( 67 ). 

circumference and plasma glucose concentrations was ex-
plained by specifi c latent factors. Estimates of the propor-
tion of variance due to genetic, common environmental, 
and unique environmental factors derived from the mul-
tivariate model are also reported in  Fig. 2 . These values 
differ slightly from the univariate estimates because mul-

 TABLE 1. Characteristics of study population 

 Mean ± s.d. (n  a  ) 

 MZA  MZT   P  b   

Age (years) 49.1 ± 12.0 (58) 28.7 ± 7.3 (99) <0.0001
Weight (kg) 75.3 ± 18.8 (58) 66.1 ± 11.1 (99) 0.0047  c  
Height (cm) 166.3 ± 9.3 (58) 169.6 ± 7.6 (99) 0.0794
BMI (kg/m 2 ) 27.0 ± 5.2 (58) 23.0 ± 3.2 (99) <0.0001  c  
WC (cm) 87.8 ± 14.9 (58) 75.8 ± 8.8 (99) <0.0001  c  
SBP (mmHg) 119.2 ± 14.7 (57) 109.8 ± 8.9 (99) 0.0002  c  
DBP (mmHg) 74.1 ± 8.5 (57) 68.8 ± 6.5 (99) 0.0006  c  
FG (mg/dl) 93.3 ± 21.4 (58) 83.3 ± 6.3 (99) 0.0007  c  
FI ( � U/ml) 12.8 ± 6.0 (44) 9.8 ± 3.4 (90) 0.0043  c  
HOMA-IR 3.1 ± 2.1 (44) 2.0 ± 0.8 (90) 0.0010  c  
TC (mg/dl) 210.7 ± 47.1 (52) 167.6 ± 35.3 (98) <0.0001  c  
VLDL (mg/dl) 26.2 ± 15.2 (52) 19.0 ± 9.6 (98) 0.0096  c  
LDL (mg/dl) 134.3 ± 41.8 (52) 99.4 ± 28.5 (98) <0.0001  c  
HDL (mg/dl) 50.5 ± 9.9 (52) 49.2 ± 10.0 (98) 0.6300
TG (mg/dl) 130.8 ± 76.2 (52) 95.3 ± 48.1 (98) 0.0097  c  

BMI, body mass index; DBP, diastolic blood pressure; FG, fasting 
plasma glucose; FI, fasting plasma insulin; HDL, fasting plasma HDL; 
HOMA-IR, homeostatic model assessment of insulin resistance; LDL, 
fasting plasma LDL; MZA, monozygotic twins reared apart; MZT, 
monozygotic twins reared together; SBP, systolic blood pressure; TC, 
fasting plasma total cholesterol; TG, fasting plasma triglycerides; VLDL, 
fasting plasma VLDL; WC, waist circumference.

  a   n, number of individuals.
  b  P   for statistical difference between MZA and MZT twins corrected 

for sampling among twins.
  c   Differences between MZA and MZT means were not statistically 

signifi cant when adjusting for age, age 2 , and age 3  ( P >0.05).

  TABLE 2.  Intrapair MZA and MZT correlations 

 MZA  MZT 

n  a  
Intrapair Correlation 

(95% CI) n  a  
Intrapair Correlation 

(95% CI)

Weight  b  29 0.78 (0.59, 0.89) 49 0.86 (0.76, 0.92)
Height 29 0.96 (0.92, 0.98) 49 0.94 (0.90, 0.97)
BMI  b  29 0.65 (0.38, 0.82) 49 0.80 (0.66, 0.88)
WC  c  29 0.78 (0.59, 0.89) 49 0.80 (0.67, 0.88)
SBP  b  28 f 49 0.73 (0.56, 0.84)
DBP 28 0.59 (0.29, 0.79) 49 0.62 (0.41, 0.76)
FG  b  29 0.62 (0.34, 0.80) 49 0.57 (0.35, 0.74)
FI  b  21 0.61 (0.27, 0.82) 44 0.46 (0.20, 0.67)
HOMA-IR  b  21 0.64 (0.31, 0.84) 44 0.56 (0.32, 0.73)
TC  b  26 0.82 (0.64, 0.91) 48 0.82 (0.71, 0.90)
VLDL  b  26 0.71 (0.45, 0.86) 48 0.70 (0.52, 0.82)
LDL  b  26 0.85 (0.69, 0.93) 48 0.81 (0.68, 0.89)
HDL 26 0.59 (0.28, 0.79) 48 0.74 (0.58, 0.84)
TG  b  26 0.71 (0.45, 0.86) 48 0.70 (0.53, 0.82)

BMI, body mass index; DBP, diastolic blood pressure; FG, fasting 
plasma glucose; FI, fasting plasma insulin; HDL, fasting plasma HDL; 
HOMA-IR, homeostatic model assessment of insulin resistance; LDL, 
fasting plasma LDL; MZA, monozygotic twins reared apart; MZT, 
monozygotic twins reared together; SBP, systolic blood pressure; TC, 
fasting plasma total cholesterol; TG, fasting plasma triglycerides; VLDL, 
fasting plasma VLDL; WC, waist circumference.

  a   n, number of twin pairs.
  b   Variable was transformed by multiplying the natural log of the 

variable by 100.
  c   Variable was transformed by a Blom transformation.
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though previous studies have shown that environmental 
factors such as diet and exercise are shared within families 
( 70, 71 ), our results suggest that, in adult twins, this early 
familial environmental infl uence is overcome by other 

 Results from this study also suggest that environmental 
infl uences on cardiometabolic syndrome components 
appear to be primarily from factors specifi c to the indi-
vidual rather than factors shared by family members. Al-

 TABLE 3. Variance components from univariate GCE model for anthropometrics and cardiometabolic 
disease components 

Proportion of variance (95% CIs)

Genetic
Common 

Environmental
Unique 

Environmental

Anthropometrics
Weight  a  0.62 (0.40, 0.76) 0.26 (0.11, 0.48) 0.13 (0.08, 0.21)
Height 0.91 (0.84, 0.09) 0.00 (0.00, 0.07) 0.09 (0.05, 0.13)
BMI  a  0.50 (0.24, 0.69) 0.33 (0.14, 0.60) 0.17 (0.10, 0.27)
WC  b  0.57 (0.32, 0.73) 0.23 (0.04, 0.48) 0.20 (0.13, 0.33)
Blood pressure
SBP  a  0.45 (0.14, 0.66) 0.30 (0.06, 0.62) 0.25 (0.16, 0.40)
DBP 0.38 (0.07, 0.61) 0.24 (0.00, 0.58) 0.38 (0.24, 0.60)
Plasma glucose and insulin
FG  a  0.43 (0.21, 0.61) 0.42 (0.23, 0.65) 0.15 (0.09, 0.25)
FI 0.48 (0.21, 0.67) 0.22 (0.00, 0.52) 0.30 (0.18, 0.53)
HOMA-IR  a  0.52 (0.24, 0.71) 0.22 (0.00, 0.52) 0.26 (0.15, 0.45)
Plasma lipids
TC  a  0.73 (0.50, 0.84) 0.06 (0.00, 0.30) 0.21 (0.13, 0.33)
VLDL  a  0.65 (0.37, 0.78) 0.05 (0.00, 0.33) 0.30 (0.19, 0.45)
LDL  a  0.77 (0.58, 0.85) 0.00 (0.00, 0.20) 0.23 (0.14, 0.34)
HDL 0.56 (0.25, 0.75) 0.15 (0.00, 0.47) 0.29 (0.18, 0.45)
TG  a  0.65 (0.38, 0.79) 0.06 (0.00, 0.34) 0.29 (0.19, 0.45)

BMI, body mass index; DBP, diastolic blood pressure; FG, fasting plasma glucose; FI, fasting plasma insulin; 
HDL, fasting plasma HDL; HOMA-IR, homeostatic model assessment of insulin resistance; LDL, fasting plasma 
LDL; SBP, systolic blood pressure; TC, fasting plasma total cholesterol; TG, fasting plasma triglycerides; VLDL, 
fasting plasma VLDL; WC, waist circumference.

  a   Variable was transformed by multiplying by the natural log of the variable by 100.
  b   Variable was transformed by a Blom transformation.

  Fig. 3.  Hypothesis-driven two-factor common pathway model path diagram of the metabolic syndrome. Rectangles represent observed 
variables. Circles represent latent or unmeasured variables. Single-headed arrows represent hypothesized casual relationships between 
variables. Double-headed arrows represent variance. Path coeffi cients are standardized parameter estimates and 95% confi dence intervals 
are reported in parentheses. Darkened lines indicate signifi cant paths. Subscripts indicate variable or factor under infl uence. C, common 
environmental factors; DBP, diastolic blood pressure; E, unique environmental factors; FG, transformed (100 × ln of) fasting plasma glu-
cose; G, genetic factors; HDL, fasting plasma HDL cholesterol; TG, transformed (100 × ln of) fasting plasma triglycerides; WC, Blom trans-
formation of waist circumference.   
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intrauterine environment. A shared intrauterine environ-
mental factor could cause a twin pair to be more concor-
dant for a phenotype, but because we made the assumption 
that MZAs do not share a common environment, this con-
cordance would be attributed to genetic effects and would 
infl ate the heritability estimate. Alternatively, if the intra-
uterine environment caused a twin pair to be more discor-
dant for a phenotype (for example, if the twins differed in 
their prenatal nutrient intake), estimates of unique envi-
ronmental infl uence would be higher than if the intra-
uterine environment had no effect. Although this is an 
important question, it is accepted that knowledge of intra-
uterine environmental effects is insuffi cient to invalidate 
twin studies ( 72 ). Correlations between birth weight and 
adult weight are modest ( 73, 74 ), which suggests that in-
trauterine effects are unlikely to persist to form a substan-
tial part of adult variation in MetS variables. 

 Findings from our multivariate analyses suggest that 
components of the ATP-III-defi ned MetS share common 
infl uences although certain components appear to be 
more closely linked than others. Waist circumference, 
plasma glucose, plasma triglyceride concentration, and 
diastolic blood pressure were linked through a common 
latent factor, which was estimated to be 53% heritable but 
was statistically signifi cantly infl uenced by both genetic 
and common environmental factors. We speculate that 
this common factor is related to insulin resistance, a previ-
ously proposed underlying cause of MetS ( 75 ). It has been 
suggested that insulin resistance leads to hyperglycemia by 
decreasing glucose uptake in muscle ( 76 ), dyslipidaemia 
(low HDL cholesterol and high triglyceride concentra-
tion) caused by an increase of free fatty acids transported 

environmental infl uences that are specifi c to the individ-
ual. However, for some parameters, common environmen-
tal infl uences may decrease with age as individuals live 
independently and no longer share a common environ-
ment with other household members as they did earlier in 
life. It is possible that the infl uence of common environ-
mental factors would be greater in a population of adoles-
cents or young adults compared with an older adult 
population, such as the twin population used in this study. 
However, given that cardiometabolic syndrome dispropor-
tionately affects older adults, the heritability values re-
ported in this study are most applicable to the population 
at highest risk. 

 It is possible that estimates of genetic and environmen-
tal effects on cardiometabolic syndrome components in 
both our study and others could be infl uenced by the twin 

  TABLE 4.  Variance-covariance and correlation matrices of metabolic syndrome components for MZAs and MZTs 

 Monozygotic twins reared apart (MZA) 

blWC1 trFG1 trTG1 HDL1 DBP1 blWC2 trFG2 trTG2 HDL2 DBP2

blWC1 1.01 0.30 0.46  � 0.40 0.68 0.80 0.34 0.52  � 0.30 0.68
trFG1 6.45 472.46 0.23  � 0.16 0.45 0.18 0.66 0.20  � 0.14 0.29
trTG1 22.33 237.87 2092.22  � 0.39 0.42 0.22 0.22 0.71  � 0.34 0.47
HDL1  � 4.75  � 39.66  � 197.37 124.41  � 0.09  � 0.38  � 0.18  � 0.26 0.61  � 0.23
DBP1 4.96 75.30 150.40  � 7.94 57.50 0.41 0.40 0.29 0.08 0.61
blWC2 1.02 4.92 13.74  � 5.65 3.98 1.63 0.28 0.37  � 0.34 0.64
trFG2 5.01 211.85 153.47  � 30.39 45.52 5.24 218.01 0.19  � 0.03 0.63
trTG2 27.78 229.51 1633.55  � 145.04 113.65 24.98 146.14 2535.45  � 0.38 0.53
HDL2  � 2.75  � 27.28  � 133.03 59.34 5.21  � 3.93  � 3.66  � 166.62 74.98  � 0.06
DBP2 6.42 59.41 208.39  � 24.59 44.02 7.69 87.03 258.58  � 4.95 87.92

 Monozygotic twins reared together (MZT) 

blWC1 trFG1 trTG1 HDL1 DBP1 blWC2 trFG2 trTG2 HDL2 DBP2

blWC1 0.59 0.24 0.19  � 0.30 0.46 0.79 0.28 0.07  � 0.15 0.32
trFG1 1.31 49.17 0.09  � 0.07 0.33 0.12 0.57 0.21  � 0.02 0.36
trTG1 6.31 27.96 1755.75  � 0.29 0.20 0.06 0.16 0.70  � 0.09 0.13
HDL1  � 2.34  � 4.63  � 121.10 98.30  � 0.14  � 0.23  � 0.12  � 0.17 0.74  � 0.10
DBP1 2.22 14.53 52.52  � 8.80 38.71 0.28 0.30 0.23  � 0.05 0.62
blWC2 0.46 0.65 1.84  � 1.74 1.32 0.57 0.21 0.08  � 0.12 0.17
trFG2 1.68 31.40 52.87  � 9.69 14.84 1.28 62.62 0.31  � 0.15 0.32
trTG2 2.43 64.90 1340.06  � 75.77 63.31 2.72 112.50 2052.38 0.06 0.13
HDL2  � 1.19  � 1.54  � 39.32 74.25  � 3.04  � 0.93  � 12.07 25.43 101.71  � 0.16
DBP2 1.66 17.04 37.55  � 6.98 25.70 0.88 16.92 40.70  � 11.16 45.60

Variances are on the leading diagonal, covariances are below the diagonal, and correlations are above the diagonal. Variables are: blWC, Blom 
transformation of waist circumference; trFG, 100 x natural log of fasting plasma glucose; trTG, 100 x natural log of fasting plasma triglycerides; 
HDL, fasting plasma HDL; DBP, diastolic blood pressure. Numbers at the end of the variable name indicate twin 1 or twin 2.

  TABLE 5.  Model comparison for multivariate analysis of the 
metabolic syndrome components 

Model -2lnL df  �  2  � df  P AIC

Cholesky 
decomposition

4998 710 3577.7

Independent pathway 5007 725 9 15 0.857 3557.1
Common pathway 5016 733 19 23 0.716 3550.4
2-factor common 

pathway
5005 728 8 18 0.984 3549.3

3-factor common 
pathway

5004 725 6 15 0.977 3553.8

Hypothesis-driven 5012 731 14 21 0.851 3550.1

AIC, Akaike’s Information Criterion;  �  2 , difference chi-squared 
compared with Cholesky decomposition;  � df, difference degrees of 
freedom compared with Cholesky decomposition; lnL, log-likelihood; 
df, degrees of freedom;  P  for statistical difference compared with 
Cholesky decomposition.
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 In conclusion, this study of the heritability of cardiomet-
abolic syndrome components in a unique population of 
adult MZAs and MZTs found generally higher heritability 
estimates than previously reported. Plasma lipid and lipo-
protein concentrations were found to be highly heritable 
and waist circumference, insulin resistance, plasma glu-
cose and insulin, and blood pressure were found to be at 
least moderately heritable. Multivariate analysis of the 
components of the ATP-III-defi ned MetS revealed com-
mon infl uences, which appear to be almost equally af-
fected by differences in genes and the common 
environment. Waist circumference and plasma glucose 
were primarily infl uenced by genetic and environmental 
factors specifi c to each phenotype, indicating that these 
two cardiometabolic syndrome components may be af-
fected by a variety of infl uences in addition to insulin resis-
tance, a proposed underlying MetS pathology. Combined, 
these data suggest that genes play a dominant role in the 
development of cardiometabolic syndrome components 
and that there are common genetic and environmental 
infl uences that affect certain cardiometabolic syndrome 
components leading to the development of MetS.  

 The authors thank the volunteers who participated in this study, 
Angela Vinken for her assistance with data collection, Dr. Gerard 
E. Dallal for his statistical assistance during manuscript preparation, 
and Brenda Roche for her assistance in data preparation. 
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