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Genetic impact dominates over environmental effects
in development of carotid artery stiffness: a twin study

Tamás Horváth1,8, János Osztovits2,8, Alexandra Pintér1, Levente Littvay3, Domonkos Cseh1,
Ádám D Tárnoki4, Dávid L Tárnoki4, Ádám L Jermendy5, Rita Steinbach5, Júlia Métneki6,
Giuseppe Schillaci7, Márk Kollai1 and György Jermendy2

Arterial stiffness is an independent predictor of cardiovascular, cerebrovascular and all-cause mortality. Quantifying the genetic

influence on the stiff arterial phenotype allows us to better predict the development of arterial stiffness. In this study, we aimed

to determine the heritability of carotid artery stiffness in healthy twins. We studied 98 twin pairs of both sexes. We determined

carotid artery stiffness locally using echo tracking and applanation tonometry. We estimated the heritability of stiffness

parameters using structural equation modeling. The carotid distensibility coefficient showed the highest heritability (64%, 95%

confidence interval 45–77%). The incremental elastic modulus, compliance and stiffness index b also showed substantial

heritability (62%, 61% and 58%, respectively). The remaining 36–42% phenotypic variance was attributed to unshared

environmental effects. Genetic influence appears to dominate over environmental factors in the development of carotid artery

stiffness. Environmental factors may have an important role in favorably influencing the genetic predisposition for accelerated

arterial stiffening.
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INTRODUCTION

The windkessel function of the central elastic arteries is important to
maintain adequate perfusion of the peripheral circulation during
the cardiac cycle. Owing to arterial wall stiffening with advancing age,
the windkessel function of the large elastic arteries declines. In the
physiological effect of aging, the additional impact of hypertension,
diabetes, hypercholesterolemia and systemic inflammation can accel-
erate the development of arterial stiffness.
Increased central arterial stiffness leads to elevated left ventricular

afterload, which ultimately leads to left ventricular hypertrophy,
myocardial infarction and heart failure.1 Similarly, the incidence of
stroke2 and kidney disease3 increases along with the deterioration of
windkessel function. In these pathological states, even after
adjustment for known cardiovascular risk factors, arterial stiffness
remains a significant predictor of cardiovascular events.4

In the present study, we investigated carotid arteries, which are
representative of central elastic arteries and commonly subjected to
athero- and arteriosclerotic processes.5 In addition to the
hemodynamic consequences of increased arterial stiffness, the wall
of the carotid artery contains high-pressure arterial baroreceptors.

Cardiac autonomic balance is strongly influenced by the arterial
baroreflex, and sensitivity of the reflex is determined by stiffness of
the vessel wall in which the receptors are embedded.6 Carotid artery
stiffness varies considerably even in healthy individuals. The
underlying mechanism for this variability has not been determined.7

Established cardiovascular risk factors can only partially explain the
variability in carotid artery stiffness. Therefore, it has been proposed to
extend cardiovascular risk assessment with the estimation of genetic
predisposition on stiff arterial phenotype. The quantification of this
hereditary risk was conducted in clinical studies on twin8–13 and
family14–16 samples. Although family studies can derive the percentage
of variation attributable to family sources, twin studies are more
powerful because they can best separate the familial variation into
genetic and environmental sources that are shared by the family. The
shared familial environments are closest with twins who provide us
with the most powerful tool to separate genetic similarity from familial
environmental similarity. This factor is especially important with
cardiovascular disease because, in addition to genetic factors, it also
has been tied to lifestyle habits and socioeconomic status that could
partially or completely be driven by nongenetic familial sources.17
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Monozygotic (MZ) twins share 100% of their genome, whereas
dizygotic (DZ) twins share half of their genes on average. Moreover,
MZ and DZ twins share their intrauterine life, having the same age
and early extrauterine environment. On a population level, these
features allow disease-associated phenotypic variations to be most
accurately broken down to shared genetic, shared environmental and
unique environmental components. By quantifying the variation of
these components as a part of a complex variation of a trait,
heritability estimates can be made. Heritability can be defined on a
population-based level, given as the variation of the phenotype
explained by the variation of the common genetic component.18

The aim of this study was to determine the relative contribution of
genetic and environmental effects on carotid artery stiffness. We
performed a classical twin study to investigate adult MZ and DZ twin
pairs by using both carotid ultrasonography and tonometry.

METHODS
In the present study, we investigated 98 adult twin pairs (n¼ 196; women 71%;

mean age 43 years, range 18–81 years). We recruited the participants from the

recently established Hungarian twin registry,19 from twin meetings and

through advertisements. Because of the lack of genotyping data for the

subjects, we used a multiple self-reported question approach to assess zygosity

in order to maximize the accuracy of classification. The most likely zygosity

was assigned based on the seven self-reported responses.20 We investigated 61

MZ and 37 DZ twin pairs of the same gender. Exclusion criteria included

pregnancy, diabetes mellitus, myocardial infarction or regular alcohol

consumption (more than 2 units daily) in the recent medical history,

conditions likely to interfere with compliance during test procedures and

acute infection within 3 weeks of measurement.

We performed anthropometric measurements (recording weight, height and

waist circumference) and a complete physical examination. We calculated body

mass index from the values of weight and height. We measured waist

circumference using the standard method. We assessed physical activity level

using the following standardized method: the subjects reported the amount of

time spent on five different intensity levels of physical activity on an average

weekday as a total of 24h; subsequently, the values of daily metabolic

equivalent scores were derived and used for statistical analysis.21 Alcohol

consumption was assessed as units per week and coffee consumption as cups

per day. For the statistical analyses related to the participant’s alcohol

consumption and smoking habits, we split our sample into drinkers and

nondrinkers and smokers and nonsmokers. Fasting venous blood samples were

obtained from twin pairs and routine laboratory methods were used for

measuring blood glucose, lipids and serum creatinine.

Anthropometric data and medical history, along with lifestyle and zygosity

questionnaires were obtained and evaluated by one group of researchers at one

site (Bajcsy-Zsilinszky Hospital), whereas the carotid examinations were

conducted by another group of operators at a different site (Institute of

Human Physiology). The carotid examiners were blinded to zygosity,

laboratory data and medical history of the participants.

All of the participants provided their written informed consent. The

investigation was approved by the National Research Ethics Committee

(ETT TUKEB, Budapest) and was conducted according to the principles

expressed in the Declaration of Helsinki.

Determination of carotid artery stiffness
Local arterial stiffness of the left common carotid artery was assessed using

ultrasonography and applanation tonometry. The investigations were per-

formed in the early afternoon under standardized conditions. All of the

individuals refrained from smoking and fasted at least 12h before testing.

Additionally, all of the subjects were asked to abstain from strenuous physical

activity or drinking alcohol or caffeinated beverages for 24h before the

investigation. After arrival, the subjects were equipped with the appropriate

devices, and then rested in a supine position for B15min until baseline

conditions for heart rate and mean blood pressure were reached.

Ultrasonography
Outer end-diastolic diameter (Dd), intima�media thickness (IMT) and

pulsatile distension of the common carotid artery were determined by echo

tracking. A minimum 1.5-cm segment of the common carotid artery was

insonated B2 cm proximal to the bifurcation with a 7.5- to 10-MHz linear

scanner (L10-5, 40mm, Picus Pro, Esaote, The Netherlands). The radio-

frequency signal of the ultrasound device was analyzed using Art.Lab (Art.Lab,

Esaote, The Netherlands). Depending on the operational mode of the system, a

6-s-long measurement session of the insonated vessel segment consisted of up

to 23 040 parallel measurements of vascular geometry (diameter, IMT). For

each participant, the results of the three sessions were averaged and

documented. Additional descriptions of the method and repeatability data

were published previously.22 Based on the outer diameter and IMT data, the

lumen cross-sectional area (Lcsa) and the intima�media cross-sectional area

(IMcsa) were calculated using the formulae: Lcsa¼p� (Dd/2�IMT)2and

IMcsa¼ p� (Dd/2)2�Lcsa.

Carotid artery pulse wave analysis
Carotid artery blood pressure was measured using applanation tonometry

(SPT-301, Millar Instruments, Houston, TX, USA). Calibration of the

tonometric signal was based on the average of a minimum of three resting,

supine sphygmomanometric (Colin CBM-7000) readings from the right arm.

Tonometric data were recorded and analyzed using SphygmoCor software,

version 7.0 (AtCor, Sydney, NSW, Australia), and carotid systolic, diastolic and

pulse pressure values were determined.

Indices of carotid stiffness
Measurements of the carotid diameter and pressure and the consequent

calculations of vascular stiffness parameters were performed according to

international guidelines.23,24 The carotid artery compliance and distensibility

were expressed as compliance and distensibility coefficients and defined as the

absolute and relative changes in the cross-sectional area of the vessel per unit of

pressure change. The incremental elastic modulus was calculated as

[3� (1þ Lcsa/IMcsa)]/DC. The stiffness index b was determined by the

formula: ln(SBPc/DBPc)/(Dist/Dd).

Statistical analysis

Sample assessment. Assessing similarities and differences between the MZ and

DZ subsamples is important to understand the likely sources of bias in the

results. We used a parametric difference test with cluster-sampling correction.25

The correction was needed because the observations in the sample were not

completely independent of each other. The correction accounted for the

difference in trait variance within and between clusters (families). Parametric

tests were sufficient because all raw or log-transformed continuous traits were

within acceptable parameters of normality, and nonparametric tests do not

offer such clustering corrections. Values represented the mean±s.d. The

differences between parametric tests were considered to be significant at

Po0.05. For dichotomous predictors, the differences in proportions were

presented and the hypothesis test was performed using a log-link function.26

Risk factors. To better understand the role of risk factors, age- and gender-

corrected bivariate correlations were derived between the dependent variables

and the risk factors. Bivariate correlations also utilized cluster-sampling

standard errors for correct hypothesis tests. Bivariate relationships were

considered to be significant at Po0.05.

The parameters failed to show a normal distribution for MZ–DZ

comparisons and for the correlation analyses were log-normalized.

Genetic and environmental impact. Co-twin correlations for arterial stiffness

parameters were determined using two models (model-1 and model-2).

Model-1 corrects for the twins’ age and gender. Model-2, in addition to age

and gender, corrects for all of the significant risk factors based on the bivariate

correlations. A substantially higher MZ co-twin correlation (compared to DZ

correlations) suggests heritability, whereas similar co-twin correlations imply
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that shared environmental components drive the variance more strongly. The

deviation from perfect MZ co-twin correlations signifies that a portion of the

variance is unrelated to genetic and shared environmental effects.

In addition to correlation-based similarities between MZ and DZ twins, a

structural equation model, often called the A–C–E model, was constructed. In

the A–C–E model, three latent variables, additive genetic effects ‘A’, common

(or shared) environment ‘C’ and unshared (or unique) environment ‘E’, drive

the variance in the phenotype for each twin.27 A is perfectly (1.0) correlated

across MZ twins and 0.5 correlated across DZ twins. C is perfectly correlated

independently of zygosity. E is uncorrelated across co-twins. Because the

measurement error in the phenotype is also uncorrelated across measurements,

it appears as part of the unique environmental (E) component. Considering

the well-established reliable measures used in this study, this property of the

model is of little concern. This A–C–E structural equation model is graphically

represented in Figure 1.

Two A–C–E models (model-1 and model-2 as used for co-twin correlations)

were estimated. The correction for age and gender is justified by gender being

100% genetic and age being 100% environmental. All other predictors could

carry both a genetic and an environmental component. The results from

model-1 tell us the total genetic and environmental impact on the dependent

variable. The results from model-2 tell us the impact of genes and the

environment after the impact of known risks is corrected for. Empirically

derived bootstrapped confidence intervals are presented for the heritability and

environmental proportion estimates.28 Standard hypothesis tests are

inappropriate for these because the proportions are bounded and can never

be negative; therefore, the central limit theorem assumptions consisting of

traditional standard error-based hypothesis tests are inappropriate. All of the

inferential statistics were estimated using full information maximum likelihood

and Mplus version 6 software.29

RESULTS

The zygosity-specific demographic characteristics and the distribution
of cardiovascular risk factors, as well as arterial hemodynamic indices,
are presented in Table 1. All of the displayed parameters showed age-
related normal values. Approximately 30% of our subjects were
smokers and approximately 40% consumed alcohol; however, their
consumption habits did not reach the exclusion criteria of 2 units/day.
The correlations of hemodynamic indices with anthropometric

parameters and cardiovascular risk factors are shown in Table 2.
Covariates were entered for structural equation modeling (model-2)
that reached Po0.1. This unconventional level of certainty was
selected to ensure that we do not miss any important covariates.
Co-twin correlations within model-1 and model-2 are shown in

Table 3. Upon assessment, we observed that most phenotypes proved

to be highly heritable. Comparing model-1 with model-2, we found
that the magnitudes of MZ and DZ co-twin correlations were not
substantially impacted by the correction of relevant covariates.
Using the most parsimonious (the A–E models for all parameters)

structural equation model (Table 4 and Figure 2), the heritability
(genetic influence) of different hemodynamic parameters was esti-
mated between 34 and 64% in our sample. Common (shared)
environmental effects did not exhibit a significant influence on the
dependent parameters, whereas unshared (unique) environmental
influence was observed between 36 and 66% in the crude model
(model-1) where hemodynamic indices were adjusted for age and
gender only.

Figure 1 Univariate A-C-E model. Rectangles denote the observed variables

(stiffness) and circles denote the latent variables. Curved arrows denote

correlations (fixed at the highlighted values). Straight arrows signify the

estimated impact of the latent factor on the variance of the observed

phenotype. Letters A, C, E represent additive genetic, common

environmental and unique environmental influences, respectively.

Table 1 Characteristics of MZ and DZ twins

Parameter MZ (n¼122) DZ (n¼74) P-value

Anthropometric

Women (%) 72 70 0.844

Age (years) 47±15 37±13 0.001

Body mass index (kg m�2) 26±5 25±6 0.597

Waist circumference (cm) 88±15 87±16 0.738

Heart rate (beats per min) 67±10 68±7 0.248

Systolic blood pressure (mmHg) 131±15 125±14 0.028

Diastolic blood pressure (mmHg) 75±10 72±10 0.177

Pulse pressure (mmHg) 56±9 53±8 0.041

Central arterial hemodynamic

Systolic blood pressure (mmHg) 120±15 114±13 0.017

Diastolic blood pressure (mmHg) 75±10 72±10 0.179

Pulse pressure (mmHg) 44±8 41±8 0.041

Laboratory

Fasting blood glucose (mmol l�1) 4.9±0.6 4.8±0.5 0.118

Serum fasting insulin (mU ml�1)a 7.21±4.99 6.85±4.58 0.789

Serum total cholesterol (mmol l�1) 5.34±1.23 4.86±1.08 0.027

Serum HDL-cholesterol (mmol l�1) 1.58±0.35 1.57±0.28 0.880

Serum triglycerides (mmol l�1)a 1.34±0.86 1.02±0.78 0.004

Serum creatinine (mmol l�1) 70±10 73±11 0.219

Serum C-reactive protein (mg l�1)a 2.96±1.86 3.75±3.65 0.565

Serum uric acid (mmol l�1) 289±75 279±72 0.464

Serum homocystein (mmol l�1) 11.4±3.6 11.2±3.2 0.718

Lifestyle

Physical activity (MET per day) 65.8±22.1 59.6±20.3 0.122

Current smokers (%) 32.2 31.1 0.888

Alcohol consumers (%) 44.3 43.2 0.913

Coffee consumers (%) 73.0 55.4 0.044

Coffee consumption41 per day (%) 49.2 31.1 0.028

Arterial stiffness

Diastolic diameter (mm)a 6.18±0.73 5.97±0.82 0.126

IMT (mm) 568±126 479±119 o0.001

CC (mm2 mmHg�1) 0.10±0.03 0.11±0.03 0.091

DC (10�3 mmHg�1) 3.11±1.44 3.64±1.38 0.051

Stiffness index b (-)a 8.69±3.93 7.28±2.62 0.045

Einc (mmHg�1)a 4.01±2.17 3.63±1.80 0.427

Abbreviations: CC, compliance; DC, distensibility; DZ, dizygotic; MZ, monozygotic.
Data are presented as means (or percentages)±s.d. (standard deviations).
IMT stands for the intima�media thickness of the common carotid artery. CC and DC
coefficients are measures of vascular elasticity, whereas stiffness index b and incremental
elastic modulus (termed as Einc) are measures of vascular stiffness. For quantification of
physical activity, the unit of metabolic equivalent of task (termed as MET) was used.
aParameters were log-normalized before statistical analyses.
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DISCUSSION

Our classical twin study documented that genetic factors exert a
substantial influence on carotid artery stiffness parameters. We
evaluated various indices of carotid elasticity and stiffness, reflecting
different aspects of noninvasive vascular stiffness. We used high-

resolution ultrasonographic vessel wall tracking together with appla-
nation tonometry to accurately derive these values. According to the
recent consensus document on arterial stiffness determination, echo
tracking together with local pulse pressure determination is the
preferred method for determining local arterial stiffness.23 Our data
demonstrated that the variances of carotid stiffness parameters were
driven approximately 60% by additive genetic effects, whereas the
remaining portion of the variances consisted of unique environmental
factors.
In the setting of the Northern Manhattan Family Study, the

heritability of carotid distensibility, stiffness and elastic modulus
was found to be substantially lower than our results (17%, 20% and
20%, respectively).14 Although the methods for assessing carotid
distensibility were similar in both studies, it should be noted that (i)
the study was conducted on families and not on twins, (ii) the sample
populations were of different ethnicity, and (iii) the Northern
Manhattan Family Study participants were at higher cardiovascular
risk. The Northern Manhattan Family Study determined carotid
geometry using a video-based approach. According to the consensus
study on arterial stiffness, a pixel-based determination might
introduce an B150-mm/pixel measurement error in contrast to wall
tracking, which reports an error of B1mm.23 That larger
measurement error inflates unique environmental estimates that
might also explain the different results between our studies.
Although our study shows a strong genetic predisposition to the

stiff carotid arterial phenotype, it is worth emphasizing that the
remaining 40% of carotid stiffness is driven by unique environmental
factors, which may indicate the importance of increased attention to
healthy lifestyle measures that have the potential to prevent and
reduce the age-dependent increase of arterial stiffness, such as sodium
restriction, consumption of omega-3 fatty acids,30 smoking
cessation,31 and regular physical activity.32

Limitations
Our twin sample size was modest, although comparable to other
clinical studies with twins. Because of our lack of genetic data, the
zygosity in our twin cohort was classified according to validated
questionnaires. Nevertheless, this method is widely accepted in
clinically oriented twin studies.20

Anthropometric and central arterial hemodynamic parameters
within our sample demonstrated that MZ twins are significantly
older (on average by 10 years) and have higher values of brachial and
carotid systolic (by 6mmHg on average) and pulse pressures (by
3mmHg on average). As for the traditional cardiovascular risk
factors, the serum total cholesterol and triglyceride values were higher
in MZ versus DZ twin pairs. These significant differences are likely
solely the function of age. Our data were corrected for age and
gender (model-1) and for other significant covariates in estimation
(model-2).
Although diabetes mellitus was considered to be an exclusion

criterion, we investigated only fasting blood glucose values and we did
not conduct an oral glucose tolerance test in our cohort. Despite
compliance, the distensibility and incremental elastic moduli of MZ
and DZ twins did not differ substantially; the stiffness index b of MZ
twins showed a higher value.
In our model, we considered alcohol, coffee, and tobacco use to be

unique environmental (E) factors. Although this is a simplification we
decided to make, alcohol and smoking habits along with coffee
consumption might carry genetic components because it is known
that smoking (and even propensity to avoid cigarette smoke) is driven
by additive genetic factors. Although smoking and drinking habits as

Table 2 Association of carotid artery parameters with traditional risk

factors

Covariate CC DC Stiffness index b Einc

Body mass index �0.22a �0.36b 0.30b 0.41b

Waist circumference �0.25a �0.38b 0.31b 0.40b

Heart rate �0.03 �0.06 0.01 0.02

Systolic blood pressure (brachial) �0.23b �0.35b 0.12c 0.44b

Diastolic blood pressure (brachial) �0.15a �0.27b �0.01 0.30 a

Pulse pressure (brachial) �0.18a �0.22b 0.18a 0.31b

Systolic blood pressure (carotid) �0.27b �0.38b 0.15a 0.49b

Diastolic blood pressure (carotid) �0.15a �0.27b 0.00 0.30a

Pulse pressure (carotid) �0.21b �0.23b 0.19a 0.30b

Serum cholesterol �0.15a �0.14c 0.10 0.20a

Serum triglycerides �0.12c �0.21b 0.16a 0.23a

Serum HDL-cholesterol �0.17a �0.10 0.14c 0.05

Serum creatinine 0.06 0.05 0.00 0.01

Serum uric acid �0.09 �0.18a 0.18a 0.24b

Serum C-reactive protein �0.03 �0.16a 0.08 0.20a

Serum homocystein 0.01 0.00 �0.05 0.04

Serum glucose �0.07 �0.09 0.12c 0.16a

Serum insulin �0.06 �0.15a 0.15a 0.24b

Physical activity �0.03 �0.02 0.02 �0.01

Alcohol consumption 0.08 0.02 �0.08 �0.06

Coffee consumption �0.08 �0.15a 0.09 0.04

Smoking habits �0.02 �0.07 0.06 0.06

Abbreviations: CC and DC, compliance and distensibility coefficients; Einc, incremental elastic
modulus; IMT, carotid intima�media thickness.
Cluster-corrected standardized correlation coefficients between variables.
aCorrelations are significant at level Po0.05.
bCorrelations are significant at level Po0.001.
cStatistical tendency at level Po0.1.

Table 3 Corrected, bivariate, co-twin correlations for twins

(monozygotic (MZ), n¼61; dizygotic (DZ), n¼37 twins)

Dependent variables MZ correlation 95% CI DZ correlation 95% CI

CC

Model 1 0.60 0.39–0.75 0.37 0.12–0.59

Model 2 0.58 0.35–0.75 0.39 0.13–0.67

DC

Model 1 0.64 0.45–0.77 0.33 0.01–0.60

Model 2 0.58 0.33–0.78 0.39 0.07–0.71

Stiffness b

Model 1 0.58 0.29–0.77 0.19 �0.17–0.53

Model 2 0.52 0.23–0.77 0.15 �0.45–0.69

Einc

Model 1 0.64 0.47–0.77 0.11 �0.32–0.53

Model 2 0.60 0.33–0.78 0.09 �0.40–0.57

Abbreviations: CC and DC, compliance and distensibility coefficients; Einc, incremental elastic
modulus; IMT, carotid intima�media thickness.
Model 1—correlations were adjusted to age and sex.
Model 2—correlations were adjusted to age, sex and all associated covariates (see Table 2).
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well as daily physical activity of the MZ and DZ twins appear to be
identical, a higher percentage of DZ twins drank more than one cup
of coffee on a daily basis. A more detailed analysis of different
smoking or lifestyle habits between twin pairs would allow us to
obtain more precise control over the smoking or lifestyle-induced
environmental effects. However, the modest sample size prevented us
from fragmenting our cohort into additional subgroups.
For model-1, we can deduce the best fitting models with statistical

confidence. In looking at the results, we observe very little difference
between model-1 and model-2; hence, we can conclude that the
heritability proportions of the phenotypes under study are not
exclusively (or even substantively) driven by the heritability of the
covariates. Although the best-fitting model was always the same for

model-1 and model-2 results based on AIC and BIC, for model-2, our
ability to significantly distinguish between the best-fitting models
using the chi-square nested model comparison was limited by the
lower power of the models with many covariates. The impact of
covariates on the heritability proportions is trivial, at best. For this
reason, model-1 results remain telling.
Bearing in mind the limitations, the strengths of our study should

also be noted. To evaluate carotid stiffness, we evaluated a broad range
of indices. The same investigators (TH and AP) performed all of the
noninvasive hemodynamic measurements using the same equipment.
To the best of our knowledge, this report is the first classical twin
study to document that carotid stiffness is primarily related to genetic
factors using both ultrasonography and applanation tonometry.

Table 4 Parameter estimates for additive genetics (A), common environment (C) and unique environmental influences (E) on carotid stiffness

parameters by structural equation modeling

Dependent variable AIC BIC �2LL w2 P-value A 95% CI C 95% CI E 95% CI

CC Model 1 estimates

A–C–E �834.3 �818.7 �846.3 0.47 0.00–0.73 0.14 0.00–0.53 0.40 0.25–0.60

A–E �836.0 �823.1 �846.0 0.638 0.61 0.41–0.75 0.00 0.00–0.00 0.39 0.25–0.59

C�E �833.5 �820.6 �843.5 0.098 0.00 0.00–0.00 0.51 0.34–0.66 0.49 0.33–0.66

Model 2 estimates

A�C�E 516.4 886.1 230.4 0.39 0.00–0.70 0.19 0.00–0.60 0.42 0.24–0.63

A�E 514.9 881.9 230.9 0.508 0.60 0.40–0.76 0.00 0.00–0.00 0.41 0.23–0.60

C�E 516.2 883.3 232.2 0.177 0.00 0.00–0.00 0.50 0.33–0.67 0.50 0.32–0.67

DC Model 1 estimates

A�C�E 544.8 560.3 532.8 0.62 0.19–0.78 0.02 0.00–0.55 0.37 0.23–0.53

A�E 542.8 555.7 532.8 0.950 0.64 0.47–0.77 0.00 0.00–0.00 0.36 0.23–0.53

C�E 547.5 560.5 537.5 0.030 0.00 0.00–0.00 0.53 0.39–0.67 0.47 0.33–0.61

Model 2 estimates

A�C�E 2079.0 2735.6 1571.0 0.38 0.00–0.75 0.20 0.00–0.62 0.42 0.22–0.66

A�E 2077.3 2731.3 1571.3 0.579 0.59 0.35–0.78 0.00 0.00–0.00 0.41 0.22–0.64

C�E 2078.5 2732.5 1572.5 0.228 0.00 0.00–0.00 0.52 0.33–0.68 0.48 0.32–0.67

Stiffness b Model 1 estimates

A�C�E 53.6 69.1 41.6 0.58 0.02–0.79 0.00 0.00–0.00 0.42 0.23–0.70

A�E 51.6 64.5 41.6 1.000 0.58 0.30–0.77 0.00 0.00–0.00 0.42 0.23–0.69

C�E 56.0 68.9 46.0 0.035 0.00 0.00–0.00 0.49 0.30–0.66 0.51 0.34–0.70

Model 2 estimates

A�C�E 935.9 1587.3 431.9 0.51 0.00–0.76 0.00 0.00–0.65 0.49 0.24–0.77

A�E 933.9 1582.8 431.9 1.000 0.51 0.25–0.77 0.00 0.00–0.00 0.49 0.23–0.75

C�E 936.4 1585.3 434.4 0.114 0.00 0.00–0.00 0.45 0.24–0.66 0.55 0.34–0.76

Einc Model 1 estimates

A�C�E 159.2 174.7 147.2 0.62 0.37–0.78 0.00 0.00–0.58 0.38 0.23–0.54

A�E 157.2 170.2 147.2 1.000 0.62 0.46–0.77 0.00 0.00–0.00 0.38 0.23–0.54

C�E 166.0 179.0 156.0 0.003 0.00 0.00–0.00 0.47 0.27–0.64 0.53 0.36–0.73

Model 2 estimates

A�C�E 1954.8 2782.0 1314.8 0.59 0.03–0.80 0.00 0.00–0.57 0.41 0.21–0.71

A�E 1952.8 2777.4 1314.8 1.000 0.59 0.30–0.78 0.00 0.00–0.00 0.41 0.22–0.69

C�E 1959.7 2784.3 1321.7 0.008 0.00 0.00–0.00 0.43 0.20–0.63 0.57 0.36–0.80

Abbreviations: AIC, Akaike information criteria; BIC, Bayesian information criteria; CC and DC, compliance and distensibility coefficients; Einc, incremental elastic modulus; LL, log likelihood;
w2, w-test P-value, based on model loglikelihood comparative model fit test; IMT, carotid intima–media thickness.
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Figure 2 Age- and sex-corrected A-C-E parameter estimates based on model

1. The most parsimonious (A�E), univariate structural equation model

estimates for arterial stiffness parameters. Black portions indicate genetic

effects (A), white portions indicate unique environmental effects (E).
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