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Abstract This study examined genetic and environmental
influences on the lipid concentrations of 1028 male twins
using the novel univariate non-normal structural equation
modeling (nnSEM) ADCE and ACE models. In the best
fitting nnSEM ADCE model that was also better than the
nnSEM ACE model, additive genetic factors (A) explained
4%, dominant genetic factors (D) explained 17%, and com-
mon (C) and unique (E) environmental factors explained
47% and 33% of the total variance of high-density lipo-
protein cholesterol (HDL-C). The percentage of variation
explained for other lipids was 0% (A), 30% (D), 34% (C)
and 37% (E) for low-density lipoprotein cholesterol (LDL-
C); 30, 0, 31 and 39% for total cholesterol; and 0, 31, 12
and 57% for triglycerides. It was concluded that addi-
tive and dominant genetic factors simultaneously affected
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HDL-C concentrations but not other lipids. Common and
unique environmental factors influenced concentrations of
all lipids.

Keywords Genetic effect - Environmental effect - Lipids -
Twin - Non-normal structural equation modeling

Introduction

In a twin study, a trait or phenotype is conceptually deter-
mined by four latent effects: additive genetic (A), domi-
nant genetic (D), common environmental (C), and unique
environmental (E) effects. These latent effects can be sta-
tistically estimated from phenotype data collected from
monozygotic and dizygotic twins using structural equation
modeling. Traditional structural equation modeling (SEM)
cannot estimate A, D, C, and E effects simultaneously
because C and D are confounded in the classical twin study
(Neale and Maes 1992; Rijsdijk and Sham 2002). As a
result, in twin studies, C and D together cannot be included
in the SEM. Instead, ACE and ADE, but not ADCE or
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CDE, are used for the SEM (Neale and Maes 1992; Rijs-
dijk and Sham 2002). However, it is biologically possible
that D and C affect one trait simultaneously. Ignoring D
and C co-existence would lead to biased estimates (Neale
and Maes 1992; Rijsdijk and Sham 2002). To address this
analytic limitation, Ozaki et al. recently published non-
normal structural equation modeling (nnSEM) that could
estimate additive and dominant genetic influences on and
environmental contribution to univariate continuous traits
simultaneously using ADCE model (Ozaki et al. 2011). In
the ADCE model, each of A, D, C or E designates a sin-
gle latent factor. A four-factor model is defined as all of the
four factors (ADCE) affecting the trait. A “three-factor”
model is a model in which only three of these four factors
are presumed to contribute to the variance of a trait. The
sum of additive (A) and dominant (D) genetic influences is
a global genetic influence (G) and can be estimated if either
three-factor (i.e., ADE) or four-factor (i.e., ADCE) nnSEM
(Ozaki et al. 2011) is the best fitting model. Appendix A
shows the brief statistical introduction to the ADCE model
using the nnSEM.

Although genetic and environmental contributions to
lipids have been assessed using the traditional SEM (Goode
et al. 2007; Heller et al. 1993; Jermendy et al. 2011;
O’Connell et al. 1988; Snieder et al. 1999), to date, no stud-
ies have applied the novel nnSEM to elucidate additive and
dominant genetic influences on lipids along with environ-
mental impact. Circulating levels of high-density lipopro-
tein cholesterol (HDL-C), low-density lipoprotein cho-
lesterol (LDL-C), total cholesterol (TC) and triglycerides
(TG), reflecting the lipid profile, are well known factors for
cardiovascular diseases (Brownson et al. 1998). Using the
SEM, prior twin studies have found that additive genetic
factors contribute to plasma levels of HDL-C (Goode et al.
2007; Heller et al. 1993; Jermendy et al. 2011), LDL-C
(Goode et al. 2007; Heller et al. 1993), TC (Goode et al.
2007; Heller et al. 1993) and TG (Goode et al. 2007; Jer-
mendy et al. 2011). For example, estimated from the ACE
SEM model, the longitudinal patterns of additive genetic
effect on a lipid ranged from 0.46 to 0.57 for TC, 0.49 to
0.64 for LDL-C, 0.50 to 0.62 for HDL-C and 0.28 to 0.61
for TC among 456 twin pairs in the National Heart, Lung
and Blood Institute (NHLBI) Twin Study (Goode et al.
2007; Jermendy et al. 2011). Since simultaneous inclusion
of both C and D in the SEM is not possible, estimation of
the genetic and environmental effect in those prior studies
might be biased. It is worthy to note that the SEM and the
nnSEM are not comparable as they analyze different sam-
ple statistics and are based on different statistical methods.
However, it is intriguing to understand how different ACE
and ADCE models would be. Therefore, the method to esti-
mate three-factor models using the nnSEM was developed
for our study (Appendix B), which allowed the comparison
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between nnSEM ADCE and nnSEM ACE models using
model fit indices. In this reported study, using the nnSEM
as an alternative approach, we attempted to shed new light
on the genetic and environmental influence on circulating
fasting lipid concentrations.

Materials and methods
Study population

The National Heart, Lung, and Blood Institute (NHLBI)
Twin Study has been widely described (Dai et al. 2013;
Reed et al. 1993; The U.S.National Heart Lung and Blood
Institute (NHLBI) 2005). The NHLBI Twin Study was
designed to prospectively investigate the genetic and envi-
ronmental role in cardiovascular disease risk through inclu-
sion of 514 white male middle-aged veteran twin pairs
born in 1917-1927 at baseline (1969-1973) (Dai et al.
2013; Reed et al. 1993). Based on zygosity ascertained by
eight red blood cell antigen groups (serotyping 22 eryth-
rocyte antigens) in the 1960s and variable number of tan-
dem repeat DNA markers in the 1980s (The U.S.National
Heart Lung and Blood Institute (NHLBI) 2005), the base-
line sample included 253 MZ and 261 DZ pairs (The
U.S.National Heart Lung and Blood Institute (NHLBI)
2005). Informed consent was obtained from all individual
participants included in the study.

In this study, we included a total of 1028 twins who had
baseline data on fasting plasma lipid profile. The reported
study was approved by the Institutional Review Boards of
Vanderbilt University.

Measures of the lipid profile

Blood was drawn from the forearm vein after an over-
night fast into EDTA tubes and immediately placed on ice.
After centrifugation the plasma was aliquoted and frozen
at —70°C (Feinleib et al. 1977; Reed et al. 1994). Plasma
lipid fractions were measured in one of three laboratories
following standards of the Centers for Disease Control,
located in San Francisco, Indianapolis, and Framingham
(Selby et al. 1991). LDL-C was estimated (Friedewald et al.
1972) for individuals with measured TG concentration less
than 400 mg/dL (Sampson et al. 1975). Plasma samples
from a twin pair were assayed in the same analytical run
without knowing zygosity.

Statistical analysis
Plasma levels of HDL-C, LDL-C, TC and TG were

the continuous variables used for the analyses. Uni-
variate analysis was performed using the nnSEM. This
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model assumes that variations in phenotypic traits can
be decomposed into latent factors: additive genetic (A),
common environmental (C), dominant genetic (D) and
unique environmental (E) factors. In nnSEM, the “non-
normal” means that some independent variables (like D,
C, and/or E in our study) and dependent variables (like
lipid phenotypes in our study) are non-normally distrib-
uted. We first analyzed three different nnSEM ADCE full
models, in which A was normally distributed, but C, D
and E could not be normally distributed simultaneously
in one model. The distribution of C, D and E in the three
ADCE models was non-normal for C and E in model
1; non-normal for D and E in model 2; and non-normal
for C, D, and E in model 3 (Ozaki et al. 2011). The best
model was selected based on the goodness of fit to data.
A smaller Bayesian Information Criterion (BIC) or Root
Mean Square Error of Approximation (RMSEA) indi-
cates a better fit to the data (Ozaki et al. 2011). Unlike
the SEM in which (first- and) second-order moments,
namely, (means and) covariances are used as information,
the nnSEM uses higher order moments as well as (first-
and) second-order moments (Ozaki et al. 2011) (Appen-
dix A). The genetic effect (heritability) was represented
with the “A” and “D” components using the nnSEM. The
sum (G) of additive (A) and dominant (D) genetic effect
(i.e. G=A+D) is a good estimator of the global genetic
effect for both three and four factor cases (Ozaki et al.
2011). In order to compare the nnSEM ADCE full model
with its nested reduced models, we developed the nnSEM
method for the ACE model in the reported study given
that ry, < 2rp, from the Supplemental Table 1, (code can
be accessed at http://www010.upp.so-net.ne.jp/koken/
bg.html) where 1, and rp, are correlation coefficients

between co-twins for MZ and DZ twins, respectively.
This new nnSEM ACE method can estimate four ACE
models, four CE models, one AE model and one E model
using 2nd and 3rd order moments. For the comparisons
among the nnSEM ADCE full and its nested reduced
models, generally, a smaller BIC or RMSEA indicates
a better fit to the data (Ozaki et al. 2011). However, if
the BIC for one model is slightly larger than the other
model but the RMSEA values at or greater than 0.05 for
both models, the model that has a smaller RMSEA may
be better (for example, the ACE model 4 vs CE model
8 for TC in Table 3). In another situation, if the BIC for
the ADCE full model vs the other reduced model is small
but the RMSEA is slightly large, the BIC indicates the
ADCE full model as the best fit model while the RMSEA
indicates the reduced model as the best fit model. Given
that both BIC and RMSEA are the model fit evaluation
indices that incorporate the model parsimony (Loelin
2004), it is arbitrary to use either the BIC or the RMSEA
to select the best fit model. Theoretically or conceptu-
ally, the possibility of the importance of all of four fac-
tors (i.e. A, D, C, and E) to explain the phenotype cannot
be exclusively ruled out; thus, in this study, the ADCE
full model is preferred as the best fit model. The reduced
model might also fit well. The detailed statistical method
was shown in Appendix B.

The nnSEM was conducted using the R software
(Ozaki et al. 2011). To provide a full view of genetic and
environmental contributions to a phenotype, we addition-
ally conducted the traditional SEM-using the Mx soft-
ware (Neale et al. 1994; Posthuma and Boomsma 2005).
The other analyses were performed using the SAS 9.1
(SAS Institute, Cary, NC) statistical package.

Table 1 Age and lipid profile

. . ) Monozygotic twins Dizygotic twins Total
in the fasting plasma at baseline
in NHLBI twins study n 506 (253 pairs) 522 (261 pairs) 1028
Age, mean (SD), years 47.8 (3.1) 47.9 (3.2) 47.8 (3.1)
HDL-C*
Mean (SD), mg/dL 44.5 (12.8) 46.2 (14.7) 45.3 (13.8)
LDL-C
Mean (SD), mg/dL 144.3 (33.6) 142.9 (38.4) 143.6 (36.1)
TC
Mean (SD), mg/dL 220.6 (35.1) 220.0 (41.6) 220.3 (38.5)
TG
Mean (SD), mg/dL 135.1 (88.6) 131.1 (101.8) 131.1 (95.5)

A total of 1028 twins (253 MZ and 261 DZ twin pairs) were included for the analyses

HDL-C high density lipoprotein cholesterol; LDL-C low-density lipoprotein cholesterol; SD standard devi-
ation; TC total cholesterol; TG triglyceride

4P < 0.05 for comparing MZ and DZ twins. P values were derived from mixed models for continuous vari-
ables to account for clustering within twin pairs

@ Springer
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Results
Characteristics of the study population

Among 1028 twins (506 MZ and 522 DZ twins), the aver-
age age was 47.8 years, and similar between MZ and DZ
twins. The mean (SD) of the concentrations of lipid mark-
ers were also similar between MZ and DZ twins (Table 1).
The concentrations of HDL-C were higher in DZ than MZ
twins, while those of LDL-C, TC and TG tended to be
lower in DZ than MZ twins (Table 1).

Univariate nnSEM ADCE models

The ADCE model 1 with non-normally distributed C and
E was the best fitting model for each of the lipid mark-
ers using the nnSEM (Table 2), and was used to estimate
genetic and environmental contribution. Supplemental
Table 1 shows the descriptive statistics for MZ and DZ
pairs used in the nnSEM estimation. The genetic and

environmental influences on HDL-C was 0.04 [95%
confidence interval (CI): 0.00, 0.29] for additive genetic
effect (A), 0.17 (95% CI: 0.00, 0.35) for dominant genetic
effect (D), 0.47 (95% CI: 0.37, 0.56) for common envi-
ronmental effect (C) and 0.33 (95% CI: 0.30, 0.36) for
unique environmental effect (E) (Model 1). The global
genetic contribution (i.e., heritability) to HDL-C was
21%. The A, D, C, and E estimates from the model 1 for
LDL-C was 0.00 (95% CI: 0.00, 0.00), 0.30 (95% CI:
0.31, 0.38), 0.34 (95% CI: 0.26, 0.41), and 0.37 (95%
CI: 0.33, 0.40), respectively. The heritability for LDL-C
(30%) was mainly from dominant genetic variance. Esti-
mated from the model 1 for TC, A was 0.30 (95% CI:
0.20, 0.40); D was 0.00 (95% CI: 0.00, 0.00); C was 31%
(95% CI: 23%, 39%) and E was 39% (95% CI: 35%, 42%).
The heritability for TC (30%) was from A. The ADCE
for TG was 0.00 (95% CI: 0.00, 0.00) for A, 0.12 (95%
CI: 0.07, 0.17) for D, 0.31 (95% CI: 0.26, 0.36) for C and
0.57 (95% CI: 0.50, 0.64) for E. The heritability from TG
(12%) was mainly due to D.

Table 2 Parameter estimates from univariate nnSEM ADCE model for plasma lipid concentrations in monozygotic and dizygotic twins

Model fitting* Components of variance estimates®

Goodness-of-fit

indices®
a% (95% CI) ¢ (95% CI) d? (95% CI) e? (95% CI) G (A+D)? BIC RMSEA

HDL-C¢

Model 1° 0.04 (0.00, 0.29) 0.47 (0.37, 0.56) 0.17 (0.00, 0.35) 0.33 (0.30, 0.36) 0.21 —43.1 0.029

Model 2 0.00 (0.00, 0.00) 0.30 (0.24, 0.36) 0.41 (0.35, 0.48) 0.29 (0.26, 0.31) 0.41 —-36.0 0.038

Model 3 0.00 (0.00, 0.00) 0.40 (0.32, 0.47) 0.30 (0.21, 0.38) 0.31 (0.28, 0.34) 0.30 -31.4 0.051
LDL-C¢

Model 1° 0.00 (0.00, 0.00) 0.34 (0.26, 0.41) 0.30 (0.21, 0.38) 0.37 (0.33, 0.40) 0.30 —46.2 0.013

Model 2 0.00 (0.00, 0.00) 0.32 (0.25, 0.40) 0.32 (0.24, 0.40) 0.36 (0.32, 0.39) 0.32 —40.6 0.017

Model 3 0.10 (0.00, 0.34) 0.32 (0.20, 0.43) 0.22 (0.05, 0.39) 0.37 (0.33, 0.40) 0.32 —40.0 0.021
TC!

Model 1° 0.30 (0.20, 0.40) 0.31 (0.23, 0.39) 0.00 (0.00, 0.00) 0.39 (0.35, 0.42) 0.30 —38.4 0.044

Model 2 0.04 (0.00, 0.32) 0.44 (0.31, 0.56) 0.12 (0.00, 0.31) 0.40 (0.36, 0.43) 0.16 -33.7 0.045

Model 3 0.00 (0.00, 0.50) 0.40 (0.35, 0.46) 0.21 (0.15, 0.27) 0.39 (0.35, 0.42) 0.21 -32.1 0.049
TGY

Model 1° 0.00 (0.00, 0.00) 0.31 (0.26, 0.36) 0.12 (0.07, 0.17) 0.57 (0.50, 0.64) 0.12 —44.4 0.024

Model 2 0.00 (0.00, 0.00) 0.16 (0.12, 0.20) 0.37 (0.26, 0.49) 0.47 (0.41, 0.53) 0.37 —-36.0 0.038

Model 3 0.00 (0.00, 0.00) 0.26 (0.19, 0.33) 0.21 (0.10, 0.33) 0.53 (0.45, 0.60) 0.21 -39.0 0.026

CI confidence interval; HDL-C high-density lipoprotein cholesterol; LDL-C low-density lipoprotein cholesterol; nnSEM non-normal structural
equation modeling; 7TC total cholesterol; 7G triglyceride

2A, C, D, E, and G refer to additive genetic, common environmental, dominance, unique environmental and global genetic influences, respec-
tively. G is equivalent to g (g”=a%+d?)

a2, ¢?, &, and €’ are estimates of the proportion of additive genetic, common environmental, dominant genetic, and unique environmental com-
ponents of variance, respectively, calculated for the different structural equation models

“Goodness-of-fit statistic. Model fits are summarized by Bayesian Information Criterion (BIC) or Root Mean Square Error of Approximation
(RMSEA), with lower BIC or RMSEA indicating a better fit

9Model 1: C and E are non-normally distributed; Model 2: D and E are non-normally distributed; Model 3: C, D, and E are non-normally distrib-
uted

“Best fitting model if the BIC or RMSEA is the lowest among three models

@ Springer
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Table 3 Parameter estimates
for ACE, CE, AE and E Models
from univariate nnSEM model
for plasma lipid concentrations
in monozygotic and dizygotic
twins

Model fitting®

Components of variance estimates®

Goodness-of-fit

indices®
a% (95% CI) c? (95% CI) e (95% CI) G (A)* BIC RMSEA
HDL!
ACE
Model 1 0.29 (0.19,0.39)  0.38 (0.27,0.49)  0.33 (0.29,0.36) 0.29 —245  0.048
Model 2¢ 0.25(0.17,0.33)  0.42(0.33,0.52) 0.33(0.29,0.36) 0.25 -299  0.043
Model 3 0.25(0.15,0.34)  0.44 (0.31,0.56)  0.32(0.28,0.35) 0.25 -12.7  0.082
Model 4 0.38 (0.26,0.51)  0.21(0.13,0.29)  0.41 (0.36,0.45) 0.38 -10.0  0.087
CE
Model 5 0.62 (0.53,0.71)  0.38 (0.35,0.42)  0.00 -220  0.064
Model 6 0.62 (0.53,0.71)  0.38 (0.35,0.42)  0.00 -282  0.058
Model 7 0.64 (0.55,0.73)  0.36 (0.33,0.39)  0.00 -140  0.083
Model 8 0.52 (0.46,0.58)  0.48 (0.44,0.52)  0.00 —-6.2 0.094
AE
Model 9 0.62 (0.53, 0.7) 0.39 (0.35,042) 0.62 -11.9  0.086
E
Model 10 1.00 (0.93,1.07)  0.00 84.0 0.170
LDL4
ACE
Model 1 0.46 (0.28,0.63)  0.18 (0.08,0.28)  0.37 (0.32,0.41) 0.46 -293  0.026
Model 2 0.42 (0.26,0.58)  0.21 (0.11,0.32)  0.36(0.32,0.40) 0.42 -33.8  0.028
Model 3 0.45(0.27,0.62)  0.19 (0.09,0.29)  0.36 (0.32,0.40) 0.45 -341  0.026
Model 4¢ 0.45(0.27,0.63)  0.18 (0.08,0.28)  0.37 (0.33,0.41) 045 -342  0.026
CE
Model 5 0.56 (0.49,0.64)  0.44 (0.4,0.48)  0.00 -244  0.059
Model 6 0.56 (0.49,0.64)  0.44 (0.4,0.48)  0.00 -292  0.056
Model 7 0.57 (0.49, 0.65)  0.43 (0.39,0.47)  0.00 -29.7  0.055
Model 8 0.56 (0.49, 0.64) 0.4 (0.34,0.54)  0.00 -29.8  0.055
AE
Model 9 0.64 (0.55, 0.73) 0.36 (0.32,0.40) 0.64 -382  0.029
E
Model 10 1.00 (0.92, 1.08) 72.4 0.163
TC¢
ACE
Model 1 0.25 (0.15,0.35)  0.36 (0.25,0.47)  0.40 (0.35,0.44) 0.25 -21.0  0.058
Model 2 0.30 (0.19,0.41)  0.31 (0.22,0.40) 0.39 (0.35,0.43)  0.30 -259  0.055
Model 3 0.27 (0.16,0.37)  0.36 (0.25,0.46)  0.38 (0.33,0.42) 0.27 -17.6  0.073
Model 4° 0.25 (0.15,0.35)  0.35(0.25,0.46)  0.40 (0.35,0.44) 0.25 -26.7  0.053
CE
Model 5 0.55 (0.48,0.62)  0.45 (0.41,0.49)  0.00 -21.8  0.064
Model 6 0.55 (0.48,0.61)  0.45 (0.41,0.49)  0.00 -243  0.066
Model 7 0.56 (0.49, 0.63)  0.44 (0.30,0.58)  0.00 -182  0.076
Model 8 0.55(0.48,0.61)  0.46 (0.42,0.49)  0.00 -27.5  0.059
AE
Model 9 0.64 (0.55, 0.72) 0.37(0.32,0.41) 0.64 -18.5  0.076
E
Model 10 1.00 (0.93,1.07)  0.00 94.4 0.175
TG
ACE
Model 1 0.42 (0.27,0.57)  0.18 (0.09,0.26)  0.41 (0.36,0.45) 0.42 -31.26  0.005
Model 2° 0.42 (0.27,0.57)  0.18 (0.09,0.26)  0.41 (0.36,0.45) 0.42 —37.39  0.000
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Table 3 (continued) Model fitting®

Goodness-of-fit

Components of variance estimates®

indices®

a% (95% CI) c? (95% CI) e (95% CI) G (A)* BIC RMSEA

Model 3 0.42 (0.27,0.57)  0.18 (0.09,0.26)  0.41 (0.36,0.45)  0.42 —-37.36  0.000

Model 4 0.42 (0.27,0.57)  0.17 (0.09,0.26)  0.41 (0.36,0.45)  0.42 —-37.36  0.000
CE

Model 5 0.51 (0.43,0.58)  0.50 (0.45,0.54)  0.00 —-2537 0.055

Model 6 0.50 (0.43,0.57)  0.50 (0.45,0.54)  0.00 -31.92  0.049

Model 7* 0.50 (0.43,0.57)  0.50 (0.45,0.54)  0.00 -32.04 0.049

Model 8 0.50 (0.43,0.57)  0.50 (0.45,0.54)  0.00 -31.98  0.049
AE

Model 9 0.61 (0.52, 0.7) 0.39 (0.35,043)  0.61 -409 0015
E

Model 10 1.00 (0.92, 1.08)  0.00 53.6 0.149

CI confidence interval; HDL-C high-density lipoprotein cholesterol; LDL-C low-density lipoprotein cho-
lesterol; nnSEM non-normal structural equation modeling; 7C total cholesterol; TG triglyceride

A, C, E, and G refer to additive genetic, common environmental, unique environmental and global genetic
influences, respectively

ba?, 2, and € are estimates of the proportion of additive genetic, common environmental, and unique envi-
ronmental components of variance, respectively, calculated for the different structural equation models.

The R script for the nnSEM ACE model can be accessed at http://wwwO010.upp.sonet.ne.jp/koken/bg.html

“Goodness-of-fit statistic. Model fits are summarized by Bayesian Information Criterion (BIC) or Root
Mean Square Error of Approximation (RMSEA), with lower BIC or RMSEA indicating a better fit

dModel 1: ACE model: C and E are non-normally distributed and have the different skewness; Model 2:
ACE model: C and E are non-normally distributed and have the same skewness; Model 3: ACE model:
only C is non-normally distributed; Model 4: ACE model: only E is non-normally distributed; Model 5: CE
model: C and E are non-normally distributed and have the different skewness; Model 6: CE model: C and
E are non-normally distributed and have the same skewness; Model 7: CE model: only C is non-normally
distributed; Model 9: AE model: E is non-normally distributed; Model 10: E model: E is non-normally

distributed

“Best fitting model if the BIC or RMSEA is the lowest among the four ACE models
"Best fitting model if the BIC or RMSEA is the lowest among the four CE models

Univariate nnSEM ACE model and its nested reduced
models

Table 3 shows the estimates for 10 nnSEM ACE models
including 4 ACE full models and its nested reduced mod-
els (i.e., 4 CE, 1 AE, and 1 E models). For HDL-C, model
2 was the best nnSEM ACE full model and model 6 was
the best CE model. Among 10 nnSEM ACE models, the
best fitting model was the ACE full model 2 for HDL-C.
Similarly, among 10 nnSEM ACE models, the best fitting
model was AE model for LDL-C, ACE model 4 for TC and
AE for TG.

The best fitting nnSEM ADCE model 1 for all lipids was
compared with the lipid-specific best fitting nnSEM ACE
model using BIC or RMSEA as the model fit indices. The
nnSEM ADCE model 1 provided better fitting for HDL-C
relative to the nnSEM ACE model 2 (Tables 2, 3: —43.1 vs
29.9 for BIC and 0.029 vs 0.043 for RMSEA); for LDL-C
relative to the nnSEM AE model (Tables 2, 3: —46.2 vs
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—38.2 for BIC and 0.013 vs 0.029 for RMSEA); and for
TC, the nnSEM ADCE model 1 relative to the nnSEM
ACE model 4 (Tables 2, 3: —38.4 vs —26.7 for BIC and
0.044 vs 0.053 for RMSEA). For TG, the nnSEM ADCE
model 1 generated smaller BIC but slightly larger RMSEA
than the nnSEM AE model (Tables 2, 3: —44.4 vs —40.9
for BIC and 0.024 vs 0.015 for RMSEA). Given the smaller
BIC for the nnSEM ADCE model 1 for TG, the nnSEM
ADCE model was better than the nnSEM AE model for
TG. The nnSEM ADCE model 1 was the best fitting model
for each of the lipid markers with the nnSEM.

Discussion

Using the novel nnSEM that could analyze the influence
of common environment and dominant genes simultane-
ously on a trait, we found that the additive and dominant
genetic, and common and unique environmental influences
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simultaneously affected the variance of HDL-C, but either
additive or dominant genetic and environmental factors
influenced total variance of LDL-C, TC and TG.

To our knowledge, this is the first study to estimate
the genetic and environmental influences on lipid mark-
ers using the nnSEM ACE and ADE models. The ADCE
model could not be identified by the traditional SEM
because C and D are confounded in the classical twin study
(Neale and Maes 1992; Rijsdijk and Sham 2002). In con-
trast, the nnSEM could specify an ADCE model and com-
pare which model is the best model among three types
of models, none of which are nested submodels of one
another. We newly developed an nnSEM method to esti-
mate its nested reduced models, which were compared with
the nnSEM ADCE full model, and found that the ADCE
is the best fitting model for all markers in this study. If the
ADCE model is the true model, the ACE and ADE models
yield biased estimates (Ozaki et al. 2011). Using the ADCE
model, the nnSEM could estimate global genetic effect (G)
[the sum of additive genetic (A) and dominant genetic (D)
effect], which cannot be realized in the classic SEM. Fur-
thermore, the global genetic effect is also a good estimator
of the global genetic effect for the three factor case like the
nnSEM ADE model (Ozaki et al. 2011).

Although there are no methods to compare the tradi-
tional SEM and our nnSEM, it might be interesting to
explore the apparent differences in heritability estimated
from the SEM. The heritability from our study estimated
by the nnSEM was a little lower than those using the
SEM from our study (Supplemental Table 2) and previous
studies for HDL-C (0.36-0.76) (Goode et al. 2007; Heller
et al. 1993; Jermendy et al. 2011; O’Connell et al. 1988;
Snieder et al. 1999) and LDL-C (0.22-1.00) (Goode et al.
2007; Heller et al. 1993; Snieder et al. 1999). The results
from the SEM may overestimate the additive genetic
component but underestimate the dominant genetic com-
ponent (Neale and Maes 1992; Ozaki et al. 2011; Rijsdijk
and Sham 2002). However, estimated from the nnSEM,
the heritability for LDL-C, TC and TG in our study
was in the range of previously reported heritability, TC
(0.00-0.80) (Goode et al. 2007; Heller et al. 1993; Jer-
mendy et al. 2011; O’Connell et al. 1988; Snieder et al.
1999) and TG (0.19-0.81) (Goode et al. 2007; Jermendy
et al. 2011; Snieder et al. 1999). The dominant genetic
effect of LDL-C (35%) was also observed in 12,000
Swedish twins born between 1911 and 1958 estimated
by the ADE model using the SEM (Rahman et al. 2009).
Compared to previous studies, their findings of dominant
genetic effects may be due to the enhanced power of the
large and homogenous sample in their study, enabling
them to detect weaker variance components underlying
the phenotypic traits. Another contributing factor may be
the older age of their study participants, possibly leading

to decreased influences from shared familial environ-
ment. In addition, the effect of common environment is
under-estimated. In our study, the best nnSEM model
for all four lipid markers was model 1 with little addi-
tive genetic effects: common environment accounted for
31-47% of the variance. By contrast, the best SEM model
for all four markers was the AE model, from which the
effect of common environment was estimated as zero.
Even the SEM ACE full model estimated the smaller
effect of common environment than the nnSEM best
model (model 1) for each lipid marker. When all four fac-
tors (i.e. ADCE) affect a trait, given the mathematical
comparisons between the nnSEM and the SEM, the SEM
always underestimates variance of common environment
(Neale and Maes 1992; Rijsdijk and Sham 2002) but the
nnSEM does not (Ozaki et al. 2011).

Potential limitations of our study require acknowledge-
ment. Given that the univariate nnSEM ADCE model is
developed only for univariate continuous traits, we could
not analyze the genetic and environmental influence on
a categorical trait such as hypercholesterolemia, and we
were unable to adjust for the effect of potential confound-
ing factors such as age, obesity and other lifestyle factors
on the estimations. Our twins were white men, thus our
results may not be generalizable to women and other ethnic
groups.

In conclusion, as shown by the ADCE model fit via the
novel nnSEM (which cannot be performed with the tradi-
tional SEM), additive- and dominant-genetic, and com-
mon- and unique- environmental influences simultaneously
affected the concentrations of HDL-C; additive or dominant
genetic effect as well as common and unique environmen-
tal effect simultaneously affected concentrations of LDL-C,
TC and TG. Genetic factors and environmental factors were
important determinants in concentrations of lipid markers.
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Appendix A

In the classical twin study using the SEM, only (first- and)
second-order moments, namely covariance matrix of both
MZ pairs and DZ pairs, are used. However, in the ADCE
model using the nnSEM, in addition to (first- and) sec-
ond-order moments, third-order moments are used. When
there are two phenotypes p1 and p2 (for twin 1 and twin 2,
respectively), sample third-order moments are as follows:

n 3
1 . —
SEICED
n 2

1 o= iy
Spfpz = ;Z (pll - pl) <p12 - p2)

i=1

LN (i =\ (ir =)\
Splpé; 2 (pll —pl)(p12 —p2>

i=1

3
n
1 . —

Sp; = ;Zl <p12 - p2>

i=
where i indicates an observation (in this case, an observa-
tion pair). These sample statistics become information in
the estimation of a, ¢, d, and e effects.

When three latent variables C, D, and E are assumed to
follow non-normal distributions, the expected third-order
moments for the MZ twins are as follows:

E[p?(mz)] =cop +dPop + Pop
E [p%pZ(mz)] =Cop +dop
E|p\p3(m2)| = o + dops
E[pim2)] = Pos + dPop + 0

In addition, the expected third-order moments for the

DZ twins are as follows:
E[p?(dz)] =0+ dPop + op
E[p%pz(dz)] =Con +doppy
E|p\p3(dd)| = Cos + dPop
E[pi(dd)| = Pops + dPops + €0

Note that A is assumed to follow a normal distribution
when many loci affect the phenotype of interest. Here,
0,04 and ops are the skewness of C, D, and E, respec-

tively. (In this case, the variances of these independent fac-
tors are fixed to 1 s. Therefore, these parameters are the
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skewness of the factors.) 6,2 expresses the expected
value of the second power of D of twin 1 times D of twin
2, and o)y expresses the expected value of D of twin 1
times the second power of D of twin 2, respectively. 6,20
and o) are assumed to be equal, because the order of
twins is arbitrary. Therefore, ADCE model using the
nnSEM estimates A, C, D, and E influences by minimiz-
ing the discrepancy function, between the sample statistics
(second- and third-order moments) and expected values
(second- and third-order moments) using asymptotically
distribution-free (ADF) method. For more details please
see Ozaki et al. (2011) (Ozaki et al. 2011).

Appendix B

By dropping some parameters in the ADCE model using
the nnSEM, nested reduced ACE, CE, and E models using
2nd and 3rd order moments can be identified. For exam-
ple, four nnSEM ACE models can be identified by drop-
ping D parameter in the ADCE model and by assuming:
(1) C and E are non-normally distributed and different in
the skewness, (2) C and E are non-normally distributed but
have the same skewness, (3) only C is non-normally dis-
tributed, and (4) only E is non-normally distributed. In all
of the four models A is normal. In this way, we can identify
four ACE models, four CE models (1) C and E are non-nor-
mally distributed and different in the skewness, (2) C and E
are non-normally distributed and have the same skewness,
(3) only C is non-normally distributed, (4) only E is non-
normally distributed, and one E model (E is non-normally
distributed).

Because all of the ten models use the same sample sta-
tistics and are analyzed using the same estimation method,
we can compare among the nnSEM ADCE and its nested
reduced models using some fit indices.
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