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The heritability of coronary atherosclerotic plaque burden, coronary geometry, and phenotypes associated
with increased cardiometabolic risk are largely unknown. The primary aim of the Burden of Atherosclerotic
Plaques Study in Twins—Genetic Loci and the Burden of Atherosclerotic Lesions (BUDAPEST-GLOBAL) study
is to evaluate the influence of genetic and environmental factors on the burden of coronary artery disease.
By design this is a prospective, single-center, classical twin study. In total, 202 twins (61 monozygotic pairs,
40 dizygotic same-sex pairs) were enrolled from the Hungarian Twin Registry database. All twins underwent
non–contrast-enhanced computed tomography (CT) for the detection and quantification of coronary artery
calcium and for the measurement of epicardial fat volumes. In addition, a single non–contrast-enhanced
image slice was acquired at the level of L3-L4 to assess abdominal fat distribution. Coronary CT angiography
was used for the detection and quantification of plaque, stenosis, and overall coronary artery disease burden.
For the primary analysis, we will assess the presence and volume of atherosclerotic plaques. Furthermore,
the 3-dimensional coronary geometry will be assessed based on the coronary CT angiography datasets.
Additional phenotypic analyses will include per-patient epicardial and abdominal fat quantity measurements.
Measurements obtained from monozygotic and dizygotic twin pairs will be compared to evaluate the genetic
or environmental effects of the given phenotype. The BUDAPEST-GLOBAL study provides a unique framework
to shed some light on the genetic and environmental influences of cardiometabolic disorders.
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Background and Rationale

Modern personalized medicine aims to predict, diagnose,
and treat diseases using multi-omics data and genetic infor-
mation. Coronary artery disease (CAD) is one of the leading
causes of mortality and morbidity globally.1,2 It is a complex
disease influenced by multiple combinations of gene-gene
and gene-environment interactions, and age is critically
important for the onset and severity of the disease. Twins
have a matching age and they share a wide range of environ-
mental variables that contribute to the expression of CAD.
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These unique characteristics of twins provide a powerful
tool for the study of genetic and environmental factors
attributable to the development of complex diseases.3 Twin
studies compare the concordance of a phenotype/disease
between genetically identical or monozygotic (MZ) twin
pairs, and nonidentical or dizygotic (DZ) twin pairs, who
share approximately 50% of their genome. The tradi-
tional twin method is predicated on the equal-environment
assumption–that MZ and DZ twins are equally correlated in
their exposure to environmental events of etiologic impor-
tance for the trait studied. Therefore, more similar MZ pairs
than DZ pairs for a given phenotype/disease indicate genetic
background.3–5 Landmark studies published in the 1990s
demonstrated for the first time the strong genetic basis of
CAD and myocardial infarction and their association with
cardiovascular (CV) risk factors.6–9

The distribution of various adipose tissue compartments
is a heritable trait and a well-established CV risk factor
independent of overall adiposity.10–13 The role of the
abdominal obesity in the development of insulin resis-
tance syndrome and cardiovascular diseases (CVD) is
well characterized.14,15 Nonalcoholic fatty liver disease
(NAFLD) is a spectrum of liver disorders that includes
isolated steatosis, characterized by ectopic fat accumulation
in the liver, and nonalcoholic steatohepatitis, characterized
by steatosis combined with additional features such as
hepatocellular injury, inflammation, and fibrosis.16,17 Non-
alcoholic fatty liver disease is often regarded as the hepatic
manifestation of the insulin resistance syndrome and is
considered a strong predictor of CVD.18,19 The epicardial fat
is an adipose tissue layer between the myocardium and the
visceral pericardium with unique characteristics and roles.
It was recently suggested that it might locally contribute to
the development of coronary atherosclerosis as well.20–22

Little is known about the genetic and environmental influ-
ences on coronary plaque distribution and morphology in
association with various adipose tissue compartments and
hepatic lipid accumulation. To the best of our knowledge,
no classical twin study using advanced CAD phenotyping
by coronary computed tomography (CT) angiography
has been performed to date to evaluate the genetic and
environmental interplay in the complex etiopathogenesis of
CAD, fat accumulation, and NAFLD development.

Accordingly, we designed the Burden of Atherosclerotic
Plaques Study in Twins—Genetic Loci and the Burden
of Atherosclerotic Lesions (BUDAPEST-GLOBAL) clinical
study, and enrollment was recently completed. The primary
aim of the BUDAPEST-GLOBAL clinical study is to evaluate
the influence of genetic and environmental factors on the
burden of CAD. We hypothesize that the correlation of
coronary plaque volume will be stronger between the MZ
twins as compared with DZ twins, which may suggest that
this CAD phenotype is mainly driven by genetic factors. The
secondary aims of the study are to quantify the heritability
of coronary artery geometry, and furthermore to assess the
association between CAD heritability and the heritability
of hepatic lipid accumulation, epicardial and abdominal
adipose tissue quantity, carotid intima-media thickness, and
hemodynamic parameters. Classical and new CV risk factors
will be measured and potential associations with CAD and
adipose tissue compartments will be analyzed. This article

describes the background, rationale, and design of the
study, as well as the primary methods used.

Overall Study Design
The BUDAPEST-GLOBAL study is a prospective, single-
center study, performed in twin subjects with self-reported
Caucasian ethnic background; the participants had been
co-enrolled with the large, international, multicenter
Genetic Loci and the Burden of Atherosclerotic Lesions
(GLOBAL) clinical study (http//:www.ClinicalTrials.gov:
NCT01738828).23 The national ethics committee approved
the BUDAPEST-GLOBAL study (institutional review board
number: 58401/2012/EKU [828/PI/12]; Amendment:
12292/2013/EKU), and all patients provided written,
informed consent. Subjects were enrolled from the Hungar-
ian Twin Registry on a voluntary basis.24 We searched the
Hungarian Twin Registry database to identify adult MZ and
same-sex DZ twins whose previously registered disease
history meets the inclusion criteria of the study. The aim
was to balance the overall participation for 50% females
and ≥50% DZ twins. These twins were contacted by phone
or email and the study protocols were described in detail.
Thereafter, detailed study description was sent by email
or mail to twins, which included inclusion and exclusion
criteria as well. The majority (90%) of the contacted twin
pairs were willing to participate.

Inclusion and exclusion criteria are listed in Table 1. Of
note, subjects with pregnancy, regular alcohol consumption
(>2 units daily), conditions possibly interfering with compli-
ance during CT scanning, and acute infection within 3 weeks
were excluded from the study. All subjects were asked not
to smoke and not to eat for 3 hours and not to drink alcohol
and coffee for 10 hours prior to the examinations. During
enrollment, the zygosity was assessed using a standardized
questionnaire based on 7 self-reported responses (for a
timeline of study procedures, see Supporting Information,
Appendix 1, in the online version of this article).25 The
study enrolled a total of 202 twin subjects (101 twin pairs)
prospectively between April 2013 and July 2014 (Table 2).

Methods
Anthropometric Data and Medical History

Complete physical examination was performed and anthro-
pometric parameters (weight, height, and waist circumfer-
ence) were recorded. Brachial blood pressure was measured
prior to CT. A 12-lead electrocardiogram (ECG) and echocar-
diographic evaluation were performed in each twin subject.

Smoking habit was assessed and smoking years
recorded, and alcohol consumption was evaluated as
units per week. Physical activity, diet, and socioeconomic
status were assessed by using questionnaires. Prevalence
of hypertension, diabetes mellitus, dyslipidemia, and
cerebrovascular disease was documented based on the
medical history of the participants.

Laboratory Parameters and Panomics Data

Enrolled twins underwent a peripheral blood draw, and
blood was aliquoted and stored as whole blood, plasma,
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Table 1. Enrollment Criteria

Inclusion criteria

1. MZ twins and same-sex DZ twins

2. Females age 40 to 75 years, males age 35 to 75 years

3. A signed IRB/ethics committee–approved informed consent form

Exclusion criteria

1. Subjects for whom coronary CTA is contraindicated per
institutional standard of carea

2. Subjects with previous coronary arterial revascularization (PCI or
CABG)

3. Subjects with AF/flutter or frequent irregular or rapid heart
rhythms occurring within the past 3 months

4. Subjects with a pacemaker or ICD implant

5. Active CHF or the presence of known nonischemic
cardiomyopathy

6. Known genetic disorders of atherosclerosis, lipid, or lipoprotein
metabolism

Abbreviations: AF, atrial fibrillation; CABG, coronary artery bypass
grafting; CHF, congestive heart failure; CTA, computed tomography
angiography; DZ, dizygotic; ICD, implantable cardioverter-defibrillator;
IRB, institutional review board; MZ, monozygotic; PCI, percutaneous
coronary intervention.
aHistory of severe and/or anaphylactic contrast reaction, inability
to cooperate with scan acquisition and/or breathhold instructions,
pregnancy, clinical instability, and renal insufficiency.

serum, and buffy coat. RNA was collected in RNA preser-
vation tubes. All subjects will undergo whole-genome
sequencing, whole-genome DNA methylation, whole-blood-
based full transcriptome sequencing, as well as mass
spectrometry–based unbiased, unlabeled proteomics,
metabolomics, lipidomics, and lipoprotein proteomics
according the protocol described in the GLOBAL study.23

Conventional biomarker testing was performed at Health
Diagnostic Laboratory, Inc. (Richmond, VA). Fasting lipid
profile was measured on an autoanalyzer using standard
clinical methods (Beckman-Coulter, Fullerton, CA). Gly-
cated hemoglobin (HbA1c) was measured using Trinity
Biotech reagents (Trinity Biotech USA Inc., Jamestown,
NY). Low-density lipoprotein particle size was measured
using NMR technology (Numares Health, Regensburg,
Germany). Whole-genome sequencing is performed by Illu-
mina (San Diego, CA) on the Illumina HiSeq2500 platform.
DNA methylation is performed on an Illumina 450k array
and RNA sequencing on the Illumina HiSeq2500 platform
by Expression Analysis, Q2 Company (Raleigh-Durham,
NC). Metabolomics and lipidomics are performed by
Metabolon (Raleigh-Durham, NC). All ‘‘omics’’ analyses
and CT data interpretations are performed independently
and blinded to each other.

Echocardiography

The twin pairs underwent standard 2-dimensional and
Doppler echocardiographic examinations (iE33 system, S5-
1 transducer; Philips Healthcare, Best, The Netherlands).

Table 2. Demographics and Twin Characteristics

Characteristic
Full Cohort,

N = 202
MZ Twins,

n = 122
DZ Twins,

n = 80 P Valuea

Female sex 130 (64.4) 74 (60.7) 56 (70.0) 0.18

Age, y 56.2 ± 9.4 54.9 ± 9.7 58.3 ± 8.4 0.01

Height, cm 166.3 ± 9.6 166.2 ± 10.0 166.4 ± 9.0 0.87

Weight, kga 77.3 ± 17.2 77.4 ± 17.7 77.1 ± 16.4 0.92

BMI, kg/m2 27.8 ± 5.3 27.8 ± 5.0 27.9 ± 5.8 0.94

Waist
circumference,
cm

97.1 ± 14.0 96.8 ± 14.2 97.5 ± 13.7 0.72

HTN 86 (42.6) 49 (40.2) 37 (46.3) 0.39

DM 18 (8.9) 12 (9.8) 6 (7.5) 0.57

Dyslipidemia 87 (43.1) 48 (39.3) 39 (48.8) 0.19

Current smoker 31 (15.3) 19 (15.6) 12 (15.0) 0.91

Abbreviations: BMI, body mass index; DM, diabetes mellitus; DZ,
dizygotic; HTN, hypertension; MZ, monozygotic; SD, standard deviation.
Data are presented as n (%) or mean ± SD.
aDifference between MZ and DZ twins: t test or χ2 as appropriate.

Chamber dimensions, left and right ventricular systolic
and diastolic function, and presence and grade of valvular
diseases were determined according to current guidelines.
For advanced analysis, high-quality recordings were also
acquired optimized for speckle tracking. Measurements
were performed offline (Image-Arena; TomTec Imaging
Systems GmbH, Unterschleissheim, Germany), by readers
with ≥7 years of experience in echocardiography (A.A.M
and A.K).

Vascular Ultrasonography

Carotid and femoral ultrasonographic examinations were
performed in B-mode and color Doppler mode, with
linear array, high-frequency (5–10 MHz) transducers
(Philips HD15; Philips Healthcare). Carotid arteries were
assessed on both sides between the origin of the common
carotid and the proximal 3-cm to 4-cm segments of the
internal and external carotid arteries. Femoral arteries
were assessed from the level of inguinal ligament until
their bifurcation. The visualizable portions of the deep
femoral artery and the superficial femoral artery were also
assessed bilaterally. Endoluminal protrusions of ≥1.5 mm
or a focal thickening >50% of the intima-media thickness
relative to the adjacent wall segment were considered
plaques.26 In case of a plaque, we measured the plaque-
free arterial wall adjacent to the plaque. All images were
stored digitally for further analysis. All measurements
and data analysis were performed by experts with ≥5
years of experience in vascular ultrasonography (D.L.T.
and A.D.T.).

Hemodynamic Measurements

Hemodynamic variables such as brachial and central
blood pressures; aortic, carotid-femoral, carotid-brachial,
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carotid-radial and brachial-radial pulse wave velocity
values; along with central and brachial augmentation
indices were assessed noninvasively by oscillometry
(TensioMed Arteriograph; Medexpert Ltd., Budapest, Hun-
gary) and applanation tonometry (Millar SPT-301; Millar
Inc., Houston, TX).27,28 Tonometric data was evaluated
with Biopac AcqKnowledge software version 3.7 and an
in-house–built software, using the method described by
Kelly and Fitchett.29 Hemodynamic measurements were
performed by an expert with 10 years of experience in the
field (T.H.).

Cardiac Computed Tomography

The cardiac CT exam was performed subsequent to the
hemodynamic measurements. We administered per os
β-blockers (metoprolol, maximum dose 100 mg) 1 hour
before the CT scan if the heart rate was >65 bpm. Par-
ticipants underwent non–contrast enhanced prospectively
ECG triggered scan using a 256-slice multidetector CT (Bril-
liance iCT; Philips HealthTech, Best, The Netherlands) for
the quantification of coronary artery calcium (CAC) on a per-
patient and per-vessel basis. Scans were acquired during a
single inspiratory breathhold at 78% of the R-R interval with a
slice thickness of 2.0 mm. Tube voltage of 120 kVp was used
with tube current of 20 to 50 mAs depending on body mass
index. The mean effective radiation dose of the calcium score
scans was 0.69 ± 0.43 mSv (dose length product: 49.1 ± 31.0
mGy × cm). The CAC was quantified using commercially
available software (Extended Brilliance Workspace; Philips
Healthcare). The CAC quantity was expressed in Agat-
ston score.30 Subsequently, prospectively ECG triggered
coronary CT angiography was performed using a 256-slice
multidetector CT (Brilliance iCT; Philips HealthTech). Intra-
venous β-blocker (metoprolol) was administered (maximum
cumulative dose, 20 mg) on the table if the heart rate
was still >65 bpm. Sublingual nitroglycerin (0.8 mg) was
administered on the table, maximum 2 minutes before the
image acquisition. Images were acquired during a single
inspiratory breathhold in axial mode with 270-ms rotation
time, 128 × 0.625 mm collimation, tube voltage of 100 to
120 kVp, maximum effective tube current-time product of
200 to 300 mAs at 78% of the R-R interval. Triphasic con-
trast injection protocol was used with 80 mL of iodinated
contrast agent in average (Iomeprol 400 g/cm3; Iomeron,
Bracco Imaging S.p.A., Milan, Italy); mixture of contrast
agent and saline (10 mL contrast agent and 30 mL saline);
and 40 mL saline solution, all injected at a rate of 4.5 to
5.5 mL/s. We reconstructed the minimum slice thickness
(0.8 mm) available in prospective ECG triggered image
acquisition with an increment of 0.4 mm, which resulted
in an approximately 0.6 mm isotropic resolution. The mean
effective radiation dose of the coronary CT angiography
(CTA) scans was 3.64 ± 1.04 mSv (dose length product:
260.1 ± 74.5 mGy × cm). All image analyses were performed
offline on dedicated cardiac workstations (Intellispace Por-
tal, Philips Healthcare). All data acquisition and measure-
ments were performed by readers who had ≥10 years of
experience and a level III training in coronary CTA (P.M.-H.
and A.J.).

Coronary Plaque and Geometry Assessment

The coronary CTA data sets are analyzed on a qualitative
and quantitative basis. Coronary segments with a minimum
diameter of 2.0 mm are included in the analysis. Each
coronary segment is assessed for presence of plaque,
plaque type, degree of stenosis, plaque features, and
plaque attenuation pattern. Coronary plaque is classified
as noncalcified plaque (NCP), partially calcified plaque, or
calcified plaque.31,32 Plaque features are assessed according
to Motoyama et al, and the presence of positive remodeling,
low-attenuation plaque, or both is recorded.33,34 Plaque
pattern is assessed as suggested by Maurovich-Horvat et al,
accordingly noncalcified components of NCP and partially
calcified plaque are graded as homogenous, heterogeneous,
or napkin-ring sign pattern.35,36 Stenosis is graded as none,
minimal (<25%), mild (25%–49%), moderate (50%–69%),
severe (70%–99%), or occlusion (100%), based on visual
estimation of percent diameter stenosis.31 Segment involve-
ment score and segment involvement score index will be
used to provide a semiquantitative measurement of plaque
burden.37 Quantitative CT analysis is performed using a
dedicated software tool for automated plaque assessment
(QAngioCT; Medis BV, Leiden, The Netherlands). For each
coronary segment, we will measure the minimal luminal
diameter, minimal luminal area, percent diameter stenosis,
and percent area stenosis based on a proximal and distal
reference segment, as well as percent atheroma volume
and plaque burden.38,39 Based on attenuation values, we
also quantify volume and percent of calcified plaque, high
and low CT attenuation NCP (Figure 1). Furthermore,
we extracted the coronary artery centerlines for the twin
siblings and compared their 3-dimensional structure, using
the Kabsch algorithm (Figure 2).40

Epicardial Fat Volumetric Assessment

The pericardial space was manually traced in each CT-
slice in the non–contrast enhanced native cardiac CT
data sets. The adipose tissue was defined as tissue in
the attenuation range of −45 to −195 HU (Hounsfield
units). Epicardial adipose tissue (EAT) was defined as any
adipose tissue within the visceral pericardium from the level
of the right pulmonary artery to the diaphragm.41,42 The
EAT segmentation was automatically interpolated within the
manually traced region of interest (ROI), and the volume
was calculated by using an offline workstation (Extended
Brilliance Workspace; Philips Healthcare; Figure 3).

Assessment of Visceral Adipose Tissue and Subcutaneous
Adipose Tissue

Subsequently, the non–contrast-enhanced cardiac CT a
single 5-mm-thick slice (120 kVp; 200 mA; gantry rotation
time, 270 ms) was acquired at the level of L3-L4.
The mean effective radiation dose of the abdominal
scan was 0.03 ± 0.01 mSv (dose length product: 2.3 ± 0.8
mGy × cm). The single CT slice was loaded onto an offline
workstation and the subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT) areas (cm2) were measured
using a dedicated offline workstation (Extended Brilliance
Workspace, Philips Healthcare). Semiautomated software
tool identified the abdominal muscular wall separating the
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(A) (B) (D) (E)

(C) (F)

Figure 1. Coronary CTA images of a 58-year-old female monozygotic twin pair. Volume rendered reformations of the heart (A, D) of twin A and twin B,
respectively. Curved multiplanar reconstructions (B, E). The blue arrows indicate coronary atherosclerotic plaques. The graphs on (C) and (F) illustrate the
areas of different plaque components of twin A and twin B, respectively. The lipid-rich (low-CT attenuation) plaque components are shown in red. Fibro-fatty
tissue is shown in light green. Fibrous tissue is shown in dark green. Calcium is shown in white. The blue arrows indicate the corresponding plaques to
panels B and E, whereas the green arrows indicate plaques that are not visible on panels B and E due to the viewing direction on the vessel. Abbreviations:
CT, computed tomography; CTA, computed tomography angiography; LAD, left anterior descending artery.

(A) (B) (C)

Figure 2. Coronary centerlines (A, B) of a monozygotic 46-year-old female twin pair. The distance between the superimposed coronary trees is indicated by
the red cords on (C). Abbreviations: LAD, left anterior descending artery; LCx, left circumflex coronary artery; RCA, right coronary artery.

SAT and VAT compartments with the possibility of manual
adjustment when needed. To identify pixels containing
adipose tissue, an attenuation range of −45 to −195 HU
was defined.43

Assessment of Hepatic Lipid Accumulation

The CT attenuation of the liver on CT when controlling
for the penetrance of the scan using an internal control
can be correlated to the amount of fat in the liver.44 The
liver-to-spleen ratio (LSR; the CT HU of the liver divided
by the CT HU of the spleen) of 1.1 and absolute liver CT
attenuation <60 HU were described as the most reliable

markers of 30% or more of liver fat.45 We determine the
HU of the liver and spleen in the images acquired for
coronary calcium measurement. We will use 3 circular
ROI measurement of ≥300 mm2 in the liver and 2 ROIs
with ≥150 mm2 in the spleen to assess the HU of these
organs.45,46

Statistical Analysis
In classical twin studies, greater levels of MZ than
DZ within-pair similarity indicate genetic influence on
a phenotype, whereas similarity of co-twin correlations
suggests that the variance is a result of environmental
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(B)

(D)(C)

(A)

Figure 3. Volume rendered non–contrast-enhanced native CT images of the chest of a 67-year-old male monozygotic twin pair (A, B). The yellow volume
represents the epicardial adipose tissue compartment. The panels C and D are axial CT images of the same twin pair. The blue areas represent the epicardial
adipose tissue compartments. Abbreviations: CT, computed tomography.

influence. Similarity will be determined using within-pair
co-twin correlations. Covariates for adjustment will be
selected using linear regression, determining which factors
individually contribute to the dependent variables.

Based on within-twin correlations between MZ and DZ
twins, structural equation modeling will carried out by
R version 3.2.1 (R Foundation for Statistical Computing,
http://www.r-project.org) using the OpenMX (version
2.2.4) software package to break down the variance into
environmental and genetic effects using the univariate
and multivariate ACDE models.47,48 The additive genetic
component (A) measures the effect of genes being present
at multiple loci or multiple alleles at 1 locus. The common
environmental component (C) estimates the contribution of
the mutual family environment in both twins. The dominant
component (D) estimates the dominant interaction between
alleles at the same locus or on different loci. The unique
environmental component (E) estimates the effects that
contribute only to each individual twin, and includes
measurement error. All variance components (A, C, D,
E) cannot be estimated simultaneously, because C and
D are confounded; therefore, ACE and ADE models will

be considered separately for a selected trait.49,50 We will
compare the fit of the saturated ACE or ADE models
to their nested submodels on the basis of likelihood-
ratio test; P values <0.05 will be considered significant.
Although data are sparse regarding the heritability of
coronary arteriosclerotic plaque burden, we conducted a
power analysis to establish the number of twin pairs to
be investigated. Based on previously published data on
the heritability of arterial calcification, we expected ≥0.35
differences between the correlations of MZ and DZ twins.51

With a 2-sided P value of 0.05 and a power of 80%, the
estimated total sample size is 200 to show difference in
plaque volume correlation values between MZ and DZ twins.
Due to uncertainty of our assumptions, we will perform
bootstrapping for all our estimates to ensure robust results.

Discussion
The aim of the present clinical study is to further elucidate
the effects of genetic and environmental influences on CAD
using advanced coronary imaging by coronary CTA in a
twin cohort. To the best of our knowledge, to date this
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is the largest prospective, classical twin study that utilizes
coronary CTA for the detection and quantification of CAD
with the assessment of coronary artery geometry.

The robust assessment of phenotype is crucial in studies
aiming to assess genetic and environmental influences.
In previously published twin studies, CAC scoring was
used to characterize and quantify CAD burden.51 However,
CAC score is an aggregate score and does not account
for noncalcified plaque components. Therefore, studies
utilizing calcium scoring for phenotyping CAD inevitably
underestimate the burden of atherosclerotic plaques. In
preliminary observations in the GLOBAL clinical study,
approximately 22% of all enrolled patients with a CAC score
of zero in fact had coronary atherosclerosis on the basis
of the contrast-enhanced CTA examination (unpublished
data). Moreover, it has been recently demonstrated
that the presence of nonobstructive plaques with high-
risk features and increased total coronary-artery plaque
burden have a strong prognostic value in predicting
adverse CV events.52–56 Coronary CTA-based plaque
characterization and quantification methods have been
validated against histology,57 intravascular ultrasonography
with radiofrequency backscatter analysis,58,59 fractional flow
reserve,60 and near-infrared spectroscopy.58 These studies
have demonstrated that coronary CTA has a >90% sensitivity
for plaque detection.61 We have demonstrated that coronary
CTA allows for an accurate quantification of calcified
and noncalcified plaque and plaque components with low
CT numbers correspond to fibro-fatty and fatty plaque
components on intravascular ultrasound and intravascular
ultrasound–virtual histology.23,59,62

Despite the systemic nature of CV risk factors,
atherosclerosis is a geometrically focal disease that has
a propensity to involve the inner curvatures of coronary
arteries and outer edges of coronary bifurcations.63 In these
susceptible areas, blood flow is slow and changes direction
with the cardiac cycle, resulting in a weak net hemodynamic
shear stress and endothelial damage.63,64 In contrast, vessel
regions that are exposed to steady blood flow and a higher
magnitude of shear stress remain comparatively disease-
free.63 Therefore, the geometry of the coronary arterial
system might be a potential risk factor for the onset of
atherosclerosis.65 However, coronary arteries exhibit large
variation in anatomic configuration, and little is known about
the magnitude of genetic and environmental influences in
the development of coronary geometry. Therefore, we use
similar techniques for coronary geometry comparisons that
have been used in the field of particle physics to assess the
degree of similarity of 2 different 3-dimensional molecular
structures.40

Furthermore, we assess the metabolically active, ectopic
adipose tissue compartments, which have been linked to
CVD development. With the simultaneous quantification
of epicardial and abdominal (subcutaneous and visceral)
adipose tissue compartments, the association (possible
genetic or environmental covariance) between CAD and
various adipose tissue depots can be assessed. In addition,
we measure the hepatic lipid accumulation, which has
been recently identified as a strong, independent risk
factor of coronary atherosclerosis and has been linked
to the development of high-risk coronary plaques.38 The

heritability of hepatic fat accumulation was assessed in
twins with ultrasound and a weak genetic influence was
demonstrated.66 However, assessment of NAFLD can be
measured more objectively and with higher precision
using CT.67 The evaluation of genetic and environmental
influences on these different adipose tissue compartments
in association with the presence of CAD may lead to better
understanding of the pathogenesis of CVD development.
The genetic decomposition analysis between the coronary
atherosclerosis and other investigated CV phenotypes,
such as carotid and femoral intima-media thickness,
plaque characteristics, and arterial stiffness, could reveal
the genetic or environmental interplay between these
atherosclerotic markers.

Study Limitations

Although this is a prospective, single-center, classical
twin study of coronary atherosclerotic plaque burden, it
has limitations. The sample size was seemingly modest
but is comparable with other clinical studies with
twins.27,66,68 During enrollment, the zygosity in our twin
cohort was classified according to validated questionnaires;
nevertheless, this method is widely accepted in clinically
oriented twin studies.25 However, zygosity will be confirmed
on the basis of the whole-genome sequencing data.
Furthermore, the aim was to balance the overall participation
for 50% females and ≥50% DZ twins; however, 64.4% of the
enrolled twins are females. This might be due to the well-
known phenomenon that females and monozygotic twins
are more willing to participate in research than are males.69

Conclusion
There are multiple unique aspects to the BUDAPEST-
GLOBAL study. To the best of our knowledge, this is the
single largest classical twin study of coronary CTA today. In
addition, it is one of the largest prospective heritability study
of CVD, coronary geometry, and abdominal, epicardial,
and hepatic lipid accumulation. Furthermore, this is the
first prospective twin study with whole-genome sequencing
and panomic analysis in a carefully phenotyped cohort.
Therefore, the BUDAPEST-GLOBAL study provides a
unique framework to shed some light on the genetic and
environmental influences of cardiometabolic disorders.
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