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Abstract
Objective—Genetic contribution to left ventricular (LV) structure is generally recognized, but
whether and how this influence varies by ethnicity or with age is unknown.

Design and methods—Participants were 517 European American (EA) and African American
(AA) twin pairs (mean age: 14.6 ± 3.0) at visit 1 and 422 EA and AA at follow-up 4.1 years later.
Echocardiograms were obtained on both visits. Data were analyzed using structural equation
modeling software Mx.

Results—Body mass index (BMI) was a strong predictor for all LV measures at both visit 1 and
2, accounting for 3.5-24.2% of the total variance. Hemodynamics explained up to 4.5% additional
LV measures variance. After adjusting for BMI, LV measures showed substantial heritability
(range: 21%-71%). Best-fitting longitudinal models revealed considerable novel genetic effects on
the interventricular septum, posterior wall and relative wall thickness (but not LV inner diameter),
accounting for 32-41% of the phenotypic variance at visit 2, with no significant gender and ethnic
effects. There was a gender difference for LV mass index in AA (P < 0.01), with a significant
influence of novel genetic effects in males (47%), but not in females. No gender difference was
seen in EA, with 34% of the phenotypic variance at visit 2 attributable to novel genetic effects.

Conclusions—The heritability of cardiac structure and geometry was equally substantial in both
AA and EA. Significant novel genetic influences were detected for all measures but LV inner
diameter and LV mass index in AA females. Further developmental genetic studies are warranted
to elucidate the nature of the emerging gene effects during the transition from adolescence into
adulthood.
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INTRODUCTION
The strong relationship between increased left ventricular mass (LVM) and increased
cardiovascular morbidity and mortality is well established[Casale, 1986 #2006; Koren, 1991
#2914; Brown, 2000 #8912]. Mild to moderate genetic contributions and possible ethnic
differences in the heritability of LVM have been reported independent of covariates [Post,
1997 #4644; Juo, 2005 #22591; Verhaaren, 1991 #1280; Busjahn, 1997 #19585; Arnett,
2001 #27798; Sharma, 2006 #27810]. However, earlier studies have predominantly been
performed in European Americans (EA) and, with one exception [Arnett, 2001 #27798], did
not directly compare and test differences in heritabilities between different ethnic groups
precluding a conclusive answer as to the importance of the genetic influence on left
ventricular structure in African Americans in which an increased LVM is highly prevalent.

Previous studies have shown that the contribution of various LVM determinants change
from childhood to adulthood [Dekkers, 2002 #8910; Treiber, 1999 #5017; Li, 2004 #18438;
Daniels, 1995 #8794]. For instance, body size is the most important contributor to cardiac
growth in childhood while hemodynamics play a greater role in adulthood. Although, a
genetic contribution to LV structure is generally recognized, little is known about the
variation of genetic influence over time. We hypothesized that genetic control of cardiac
structure fluctuates with age and new gene expression would emerge during the transition
period from adolescence to adulthood as we have recently observed for hemodynamics
[Kupper, 2006 #23091].

Therefore, the present study was conducted to longitudinally assess the influence of genetic
factors on constituents of LV structure in a large cohort of adolescent AA and EA twins with
average ages between 14 and 18 years, while taking into account potential ethnic and gender
differences in the influence of these genetic factors.

METHODS
Subjects

Subjects visited the laboratory twice, with an intervening time period of 4.1 (± 0.49) years
(range 2.4 – 6.3 yrs). Data from a total of 296 EA twin pairs [153 monozygotic (MZ), 143
dizygotic (DZ)] and 221 AA twin pairs (106 MZ, 115 DZ) and 1 singleton (DZ) was
available from the first measurement. Data of 69.9% of these EA twins and 74.7% of these
AA twins was available from the second visit (i.e., 372 pairs and 10 singletons in total).
There was no significant difference in drop-out rate between EAs and AAs (P=0.27) or
between MZ and DZ twins (P=0.25). During the second visit, an additional 25 EA pairs and
18 AA pairs and 1 AA singleton took part for the first time. The group of DZ twins included
both same-sex and opposite sex twins. The age limit for these additional subjects to be
included in the present analysis was 14 (lowest age at time 1 plus inter-test time interval).
Recruitment and zygosity determination of twin pairs into the Georgia Cardiovascular Twin
Study have been described previously as have been the criteria to classify subjects as AA or
EA [Snieder, 2002 #10656]. The study was approved by the institutional review board and
all subjects (and parents if subjects were <18 years) provided written informed consent.

On each visit subject’s height (Ht) in centimeters (cm) and weight (Wt) in kilograms (kg)
were measured without shoes using a Health-O-Meter medical scale (Bridgeview, USA),
which was calibrated daily. Body mass index (BMI) was calculated as Wt/Ht2.

Hemodynamic Evaluations
The subject was placed in a supine position and given standardized instructions to relax as
completely as possible for 15 min. During minutes 11, 13 and 15 of this rest period, blood
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pressure and heart rate measurements were obtained using a Dinamap 1864 SX (Criticon
Incorporated, Tampa, FL, USA). Diastolic blood pressure was subtracted from systolic
blood pressure to obtain pulse pressure (PP).

Echocardiographic Studies
2D directed M- mode echocardiograms were performed using a Hewlett-Packard Sonos
1500 echocardiograph (Andover, MA). LV posterior wall thickness in diastole (LVPWD),
interventricular septal thickness in diastole (IVSD), and LV internal dimension in diastole
(LVIDD) were measured according to the American Society of Echocardiography
convention [Schiller, 1989 #5074]. LVM was derived using the formula of Devereux et al.
[Devereux, 1986 #969] which has been validated for use in individuals with normal hearts.
Based upon the recommendation of de Simone et al [de Simone, 1992 #1400], LVM was
indexed by Ht2.7 (i.e., LVMI) to adjust for normal growth without removing the contribution
of obesity. Relative wall thickness (RWT) was calculated as: RWT = (LVPWD + IVD)/
LVIDD. Intra and interrater coefficients of variation for all cardiac structure were <10%
[Cook, 2001 #6378].

Analytical Approach
The analytical strategy of our study was as follows. First, we investigated the contribution of
demographic, anthropometric and hemodynamic determinants of LV structure using
hierarchic multiple regression. Second, we used bivariate model fitting analyses including
both visit 1 and visit 2 data to estimate: 1) the relative influence of genetic and
environmental factors on individual differences in LV structure variables at both
measurement occasions, 2) the extent to which genetic and environmental effects on LV
structure at age 18 are the same or different from those at age 14, and 3) to what extent
tracking correlations between visit 1 and visit 2 can be explained by common genes and/or
common environment. In these bivariate models, tests for ethnicity and gender differences
were conducted as described in detail elsewhere for the univariate case[Wang, 2005
#27806].

We used a bivariate Cholesky decomposition, in which there is a main factor that loads on
all variables (visit 1 & visit 2), followed by a second factor that loads only on the second
variable (visit 2). Figure 1 shows such a bivariate model containing only additive genetic
(A) and unique environmental (E) factors. We first determined whether a model without
ethnic or gender differences showed a better statistical fit than a model in which variance
components were estimated separately for ethnicity and gender. The variance components
for which significant ethnic or gender differences were found were estimated separately for
the ethnic and/or gender groups in subsequent variance components analyses. Then, the
most parsimonious variance components model (ADE, ACE, AE, CE, or E) was determined
for each of the variables. By constraining certain path coefficients to zero (see Figure 1) we
subsequently tested for the significance of 1) the emergence of novel genetic effects at visit
2 (a22 = 0), 2) the genetic correlation between visit 1 and 2 (a21 = 0), and 3) the unique
environmental correlation between visit 1 and 2 (e21 = 0). Within the best fitting bivariate
model of LV structure variables we also calculated the heritability of the change over time in
these phenotypes (between visit 1 and 2). It can be shown that this heritability of the
difference score (e.g., LVMI visit2 – LVMI visit1) can simply be derived from the
parameter estimates of the phenotype levels in the bivariate model (see Figure 1).

Models were fitted to the raw data using normal theory maximum likelihood allowing the
use of information provided by unpaired twin and/or single visit observations [Neale, 1992
#27802]. The significance of components A, C and D was assessed by testing deterioration
in model fit after each component was dropped from the full model (ACE or ADE), leading
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to the most parsimonious model in which the pattern of variance/covariance are explained
by as few parameters as possible. Standard hierarchic χ2 tests were used to select the best
fitting model in combination with Akaike’s Information Criterion (AIC= χ2 - 2df) [Kendler,
1992 #2875]. The model with the lowest AIC reflects the best balance of goodness-of-fit and
parsimony.

Tracking correlations—Phenotypic tracking correlations (and the underlying genetic and
environmental tracking correlations) reflecting the stability over time of the individual
cardiac structure variables from early adolescence into young adulthood (i.e., between visit 1
and 2) were determined from the best fitting models in Mx.

Statistical analysis and software—LV structure variables were logarithmically
transformed before analysis to obtain approximately normal distributions. Multiple
regression models were performed using Generalized Estimating Equations (GEE) to allow
for the dependency between twins[Tregouet, 1997 #27804]. Data handling, preliminary
analyses, calculation of twin correlations, and GEE were done with STATA (StataCorp,
College Station, Texas). Quantitative genetic modeling was performed with Mx software
[Neale, 1992 #27802].

RESULTS
Descriptive statistics

Table 1 shows means and standard deviations of age, anthropometric, hemodynamic and LV
structure variables for both visits, grouped by ethnicity and gender. Age was similar across
the subgroups. All anthropometric and hemodynamic variables significantly differed by
gender. All means were significantly higher at visit 2 than at visit 1 except for heart rate,
which was significantly lower at the 2nd visit. In general there were significant main effects
of gender, ethnicity and visit for LV structure phenotypes. AAs and males had greater LVMI
compared to EAs and females.

There were significant gender-visit interactions (P values <.001) for height, weight, SBP,
DBP, IVSD, LVPWD, and LVM, indicating that the gender difference (male > female
except for DBP for which female > male) became larger over the transition period from
adolescence to young adulthood for these measures. There were also significant ethnicity-
visit interactions for IVSD (P=.02) and RWT (P=.003), with the ethnic difference (AA>EA)
becoming smaller at visit 2 because EAs showed a faster increase than AAs for these two
measures.

Cardiac structure prediction
Multivariate analysis of determinants of LV structure variables for visits 1 and 2 are
presented in Table 2. The first column shows the proportion of variance (R2) explained by
the base model of age, gender, ethnicity, and their interactions. Subsequent columns show
the R2 values for the models that in addition to the base model include BMI (base +
anthropometric) or both BMI and hemodynamic predictors (base + anthropometric +
hemodynamic). BMI was a strong predictor for all LV structure measures at both visit 1 and
2, accounting for 3.5-24.2% of additional variance after allowing for the effects of age,
gender, ethnicity and their interactions. Substituting waist circumference for BMI gave very
similar results, but explained slightly less variance (not shown). Inclusion of hemodynamic
variables resulted in a more modest increase in R2 at both visits, with up to 4.5% of variance
of LV measures explained in addition to the effects of demographic and anthropometric
variables.

Kapuku et al. Page 4

Am J Hypertens. Author manuscript; available in PMC 2013 December 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Genetic Model Fitting
Based on hierarchic multiple regression results, all LV structure variables were adjusted for
age, gender, ethnicity, their interactions, and BMI prior to calculation of twin correlations
and genetic model fitting.

In general, both AA and EA showed MZ correlations that were substantially higher than DZ
correlations indicating the importance of genetic factors in the two ethnic groups.
Subsequent model fitting of the data confirmed this pattern. LV structure measures showed
substantial heritability for both visits (range: 21%-71%, Table 3). The best-fitting
longitudinal model revealed considerable influence of novel genetic effects on IVSD,
LVPWD and RWT (but not for LVIDD), accounting for 33-41% of the phenotypic variance
at visit 2, with no significant gender and ethnic effects. A gender difference for LVM and
LVMI in AAs could be detected (P < 0.01), with a significant influence of novel genetic
effects in males (46% and 47%, respectively), but not in females. There was no detectable
gender difference in EAs, with 40% (LVM) and 35% (LVMI) of the phenotypic variance at
visit 2 attributable to novel genetic effects. Figure 2 shows a decomposition of the sources of
phenotypic variance of LVMI at visit 2 based on the best-fitting bivariate model. It is clearly
shown which part of the genetic and environmental LVMI variance is common to both visits
and which part is specific to visit 2. In AA females, the same set of genes that influence
LVMI at visit 1 is entirely responsible for the genetic influence at visit 2.

As shown in Table 4, tracking correlations over the 4.1 year period between visit 1 and visit
2 were moderate for IVSD, LVPWD and RWT (0.29 - 0.35), and moderate to high for
LVIDD, LVM and LVMI (0.39 - 0.60). For IVSD, LVIDD, LVPWD and RWT 49% to 62%
of the tracking correlation could be attributed to genetic effects that were common to both
visits (%G in Table 5). For LVM and LVMI, depending on ethnicity and gender, 52% to
100% of the phenotypic tracking correlations were due to genetic effects with the remainder
(if any) explained by stable environmental influences.

DISCUSSION
The present study longitudinally estimated the relative influence of genetic and
environmental factors on constituents of LV structure in a large sample of AA and EA
adolescent twins between 14 and 18 years of age on average, while adjusting for
demographic factors and BMI. Genetic contributions to the individual differences at both
measurement occasions were considerable for all variables. Results showed moderate to
high tracking correlations between the two measurement occasions for all variables with
genes contributing more than environmental factors to the stability of the LV structure
phenotypes over time. At the same time, a substantial portion of the total genetic influence at
visit 2 was specific to this measurement occasion.

A possible explanation for this emergence of novel genetic effects between 14 and 18 years
of age is that hormonal changes during and after puberty affect the activation and
deactivation of genes influencing individual differences in cardiac structure. Such switching
on and off of genes may (partly) be caused by epigenetic changes such as methylation
affecting the expression of genes and their influence on the phenotype.

Hierarchic multiple regression findings of our study confirm previous studies showing that
adiposity explains a large portion of the variance in LVM [Urbina, 1995 #3980; Daniels,
1995 #8794; Li, 2004 #18438; Janz, 2000 #18439]. BMI explained up to 24% additional
variance after allowing for the effects of age, gender and ethnicity. In keeping with previous
studies in childhood, the contribution of hemodynamics was significant but of lesser
magnitude than body composition [Urbina, 1995 #3980; Daniels, 1995 #8794].
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Contributions of demographic, anthropometric and hemodynamic factors were similar for
LVIDD, IVSD and LVPWD at both visits suggesting these determinants may equally
explain changes occurring to inner cavity (e.g., LVIDD) and the myocardium as measured
by parietal thickness. We previously reported in a normotensive sample of singleton youth
that adiposity, sex, resting vascular tone and BP reactivity to a challenging behavioral
stressor were independent predictors of future LVM [Kapuku, 1999 #5018]. Herein we
extend our observation to the role of heredity.

Our study has several unique strengths such as the inclusion of a large group of AA twins,
which allowed us to directly compare and test differences in relative influence of genetic
and environmental factors on cardiac structure in AAs and EAs. We are aware of only one
other twin study that included AA twins. This early study by Harshfield et al [Harshfield,
1990 #702] did not include any EA twins and only a small number of AA twins and
observed the genetic effect on cardiac mass only after controlling for body surface area,
gender and systolic blood pressure. We are aware of only one family study studied a
population-based sample of European American (EA) and African-American (AA)
hypertensives. [Arnett, 2001 #27798] Results indicated higher sibling correlations for LVM
among AA ranging from 0.22 (brother-sister) to 0.44 (brother-brother) compared to EA
siblings (ranging from to 0.05 (brother-sister) to 0.22 (sister-sister). Correlations for relative
wall thickness, a measure of LV concentricity, were lower in AA siblings (0.04-0.12) than
their EA counterparts (0.19-0.28) suggesting ethnic heterogeneity among genes influencing
LV structure and geometry. This conclusion was not supported by the results of our study
that including both ethnic groups. The Hypertension Genetic Epidemiology Network
(HyperGEN) found equally substantial contributions of genetic factors (i.e., total
heritabilities) in both ethnic groups by 18 years of age.

We observed higher mean values for most LV structure variables in AAs and males
compared to EAs and females for both measurement occasions, thereby confirming
observations from our other longitudinal studies [Dekkers, 2002 #8910; Kapuku, 1999
#5018] and those of others [Schieken, 1998 #4652; Malcolm, 1993 #3083] that ethnic and
gender differences in cardiac structure are already present in childhood. The classic twin
study is established as the ideal study design to estimate the relative importance of genetic
and environmental factors to the variance of traits and diseases in human populations
[Snieder, 2003 #10654], but without actual measurement of specific genes or environments
it cannot attribute the ethnic difference in mean values to either of these factors. However,
our study does show that apart from the gender difference in LVM and LVMI for AAs, the
observed difference in mean values did not translate in major differences in relative
importance of genetic and environmental factors between ethnic and gender groups.

Another strength of our study lies in its longitudinal design, which allowed investigation of
genetic and environmental sources of stability and change of LV structure phenotypes
between 14 and 18 years of age. To the best of our knowledge this is the first study to show
the emergence of genetic influences on cardiac structure at Visit 2 that were not present at
Visit 1 in late adolescence. Previous studies have shown cardiac structure components to
track over time [Janz, 2000 #18439; Schieken, 1998 #4652; Mahoney, 1988 #185]. Here, we
observed mild to moderate tracking, which could be mostly attributed to genetic factors after
adjusting for age, gender, ethnicity, and BMI. Cardiac development includes changes in
myocardium and chamber size. Cardiac size is mainly determined by load conditions (i.e.,
preload, afterload). After birth, the heart cell loses the ability to divide and increases in size
to achieve heart growth. It is evident that the gene-environment interaction modulates heart
enlargement. From animal and human studies [Innes, 1998 #22329; Baessler, 2006 #18441;
Poch, 2000 #18442; Kupari, 1998 #18444; Schunkert, 1994 #4388] candidates genes
including GHSR, G-protein beta (3) subunit, human aldosterone synthase (CYP11B2) and
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ACE have been shown to variably affect cardiac size and LVM. Genes have been described
as switching on and off during the normal growth process. Our results suggest that some
genes were shared between visit 1 and 2, others were specific to visit 2, implying that these
genes were turned on during the 4 year follow-up period. However, at visit 2, LVIDD was
still controlled by the same set of genes also influencing the phenotype 4 years earlier,
suggesting a differential gene control of myocardium and chamber size.

In AA females, no novel genetic effects on LVM and LVMI emerged during the study
follow-up. The reason and significance of this unexpected genetic stability is unknown.
Whether this phenomenon is linked to earlier maturation and age at menarche in AA females
[Kaplowitz, 2001 #7153; Herman-Giddens, 2006 #27758; Daniels, 1996 #8822] deserves
attention. Continued follow up of our twin sample [Ge, 2006 #27803] will enable us to
examine whether the genetic component stabilizes in early adulthood for the other gender by
ethnicity groups as well.

In conclusion, this longitudinal twin study demonstrates moderate tracking and moderate to
high heritability of LV structure and geometry after taking in account BMI, age, gender, and
ethnicity. A great deal of LVM variability was linked to aging-related changes in genetic
expression as there was a significant amount of new genes expressed between 14 and 18
years of age in all but AA females. Further work is required to provide the clinical
implications of this observation. At the same time it means that one should exercise caution
pooling adolescent and adult subjects in large studies aimed at evaluating the contribution of
the gene/environment interaction on cardiac growth.
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Figure 1.
Path diagram for a bivariate model.
For clarity only one twin is depicted. A1, A2 = Genetic variance components, E1, E2 = Non-
shared environmental variance components, a11 through a22 = genetic path coefficients (or
factor loadings) of which a22 represents novel genetic influences on visit 2, e11 through e22
= non-shared environmental path coefficients. (or factor loadings) of which e22 represents
novel environmental influences on visit 2. Delta = difference in levels of measured
phenotype between visit 2 and 1. Subtracting the level of the measured phenotype at time 2
from the level of the measured phenotype at time 1 is established by setting the path
coefficients originating from the two measured phenotypes (and pointing towards delta) to
-1 (time 1) and 1 (time 2).
Formulas for the different heritability estimates (listed in Table 5) are as follows:

h2 total (visit1) = a11
2 / (a11

2 + e11
2)

h2 total (visit2) = (a21
2 + a22

2) / (a21
2 + a22

2 + e21
2 + e22

2)

h2 specific (visit2) = a22
2 / (a21

2 + a22
2 + e21

2 + e22
2)

h2 delta (visit2 – visit1) = ((a21- a11)2+ a22
2) / ((a21 - a11)2+ a22

2 + (e21- e11)2+ e22
2)
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Figure 2.
Sources of variance of LVMI at visit 2 shared with visit 1, based on the best-fitting bivariate
model.
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Table 3

Total (Visit 1 and 2) and Specific Heritability (Visit 2) Estimates and Heritability of the Change Score
between Visits (95%CI) of Best Fitting Multivariate Models.

Visit 1 Visit 2

Measures h2 tot(95%CI) h2
tot(95%CI) h2

spec(95%CI) h2
delta(95%CI)

IVSD 0.35(0.24-0.45) 0.47(0.36-0.57) 0.41(0.29-0.51) 0.39(0.25-0.50)

LVPWD 0.43(0.33-0.51) 0.42(0.30-0.53) 0.35(0.22-0.46) 0.35(0.21-0.47)

LVIDD 0.21(0.05-0.41) 0.55(0.35-0.64) * *

RWT 0.40(0.30-0.49) 0.41(0.29-0.52) 0.32(0.19-0.43) 0.33(0.19-0.46)

LVM

 EA 0.56(0.45-0.65) 0.62(0.50-0.71) 0.40(0.27-0.52) 0.48(0.32-0.61)

 AA, male 0.71(0.57-0.81) 0.58(0.37-0.72) 0.46(0.28-0.62) 0.65(0.43-0.79)

 AA, female 0.51(0.36-0.64) 0.56(0.39-0.70) * *

LVMI

 EA 0.42(0.30-0.53) 0.56(0.44-0.66) 0.34(0.19-0.47) 0.39(0.22-0.54)

 AA, male 0.66(0.49-0.78) 0.53(0.31-0.69) 0.47(0.27-0.63) 0.65(0.41-0.79)

 AA, female 0.44(0.29-0.58) 0.51(0.34-0.66) * *

h2 tot = total h2 ; h2 spec = specific h2 for visit 2; h2 delta = h2 for change score between the two visits; * = dismissed from the final model.

All models were adjusted for age, gender, ethnicity, their interactions, and BMI.

IVSD; interventricular septum in diastole; LVPWD; left ventricular posterior wall in diastole; LVIDD, left ventricular internal diameter in diastole;

RWT, relative wall thickness; LVMI, left ventricular mass index (LVM/height 27).
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Table 4

Tracking (rTR), genetic (rG), and environmental (rE) correlations between visit 1 and 2

Measures rTR (%G) rG (95% CI) rE (95% CI)

IVSD 0.31 (49%) 0.37(0.13-0.59) 0.26(0.12-0.40)

LVPWD 0.29 (62%) 0.42(0.21-0.63) 0.19(0.06-0.33)

LVIDD 0.60 (58%) 1.00 0.38(0.25-0.49)

RWT 0.35 (54%) 0.48(0.25-0.69) 0.27(0.13-0.40)

LVM

 EA 0.49 (70%) 0.59(0.43-0.73) 0.35(0.18-0.50)

 AA, male 0.45 (64%) 0.44(0.17-0.66) 0.47(0.17-0.68)

 AA, female 0.53 (100%) 1.00 *

LVMI

 EA 0.50 (62%) 0.63(0.43-0.81) 0.37(0.21-0.52)

 AA, male 0.39 (52%) 0.34(0.02-0.61) 0.47(0.17-0.68)

 AA, female 0.48 (100%) 1.00 *

The correlations have been adjusted for the effects of age, gender, ethnicity, their interactions, and BMI.

%G, percentage of genetic contribution to the phenotypic tracking correlation. * = dismissed from the final model.

IVSD; interventricular septum in diastole; LVPWD; left ventricular posterior wall in diastole; LVIDD, left ventricular internal diameter in diastole;

RWT, relative wall thickness; LVMI, left ventricular mass index (LVM/height 27)
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