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1 Introduction

Cardiovascular disease (CVD) and cancer continue to be the leading cause of death
in the developed countries.(1) In Europe, across member states of the European Society of
Cardiology, CVD accounted for over 45% of all deaths.(2) Annually 3.8 million casualty,
followed by cancer, as the second most common cause; responsible for 1.9 million exits per
year.(2) Cancer and CVD commonly co-exist, and these two conditions share many
cumulative risk factors, including tobacco use, physical inactivity, obesity, poor diet,
hypertension, diabetes, and dyslipidemia.(1, 3, 4) In 2021, with more cancer survivors than
ever before, the overlap of cancer survivors and patients with CVD is on the rise.(5)
Approximately 26.1 million cancer survivors are predicted to be alive in 2040 only within
the United States.(6) In addition, cancer survivors are at increased CVD risk not only due to
the overlap of risk factors but also due to the wide range of received cardiotoxic cancer
therapies.(7) As cancer survivors live longer, modifiable risk factors that affect both cancer
and CVD have to gain more attention.(6, 8) Prevention strategies are classified as primary
and secondary; however due to the overlap of CVD and cancer, a more holistic view has been
suggested dividing preventative measures into “prevention at the population level” and
“prevention in subjects with high CVD risk™.(1, 9) Identifying those at risk for CVD is at
utmost importance to target effective dietary, lifestyle, and drug interventions. Whether the
presence of a risk factor is determined by genetic or environmental factors, is modifiable or

not modifiable, has a significant part in finding the appropriate preventative approaches.
1.1 Risk assessment in cardiovascular diseases

Traditional cardiovascular risk factors have been combined to estimate an
individual’s risk for having a CVD event.(10) CVD risk scores allow clinicians to combine
information from several CVD risk factors and quantitatively estimate an individual’s
absolute risk for having a CVD event during a defined period of time.(10) CVD risk
assessment is crucial to many treatment guidelines and may also help individuals to modify
their lifestyle and improve adherence to medications.(11) Several risk prediction models have

been developed to identify those asymptomatic subjects at higher CVD risk. However, the
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accuracy of these risk prediction models is not perfect, and neither is their
generalizability.(11, 12) The most commonly used cardiovascular risk assessment scores are
the Framingham, Prospective Cardiovascular Munster (PROCAM), European Systematic
Coronary Risk Evaluation (SCORE) and the American College of Cardiology
(ACC)/American Heart Association (AHA) 2013 Pooled Cohort risk equations.(13-16)
These models have been developed from a small set of the population and may work
differently in various risk groups or populations.(11) These risk prediction scores and
systems cannot identify one-third of the future cardiovascular-related deaths; they overscore
the high-risk patients and underscore the low-risk patients.(12) Therefore, a more precise and
personalized risk prediction system is needed. These risk prediction systems could be
improved by adding nontraditional risk factors such as more metabolic, anthropometric,

imaging-based or genetic data.(17)

1.2 Coronary plaque assessment with Computed Tomography

Coronary Computed Tomography Angiography (CTA) is a robust diagnostic tool
suitable for the non-invasive visualization of coronary vessels and quantification of coronary
artery plaques.(18) Coronary CTA, with its ability to characterize and quantify features of
both individual plaques and overall coronary atherosclerosis, has emerged as an important
diagnostic modality in patients with chronic coronary syndrome.(19) Several approaches are
used to quantify the overall extent of CAD on both non-contrast-enhanced coronary CT
images and coronary CTA. Visualization of calcified plaques is possible on non-contrast-
enhanced coronary Computed Tomography (CT) images, and both calcified and non-
calcified coronary plaques can be visualized on coronary CTA studies.(20) With qualitative
plaque assessment using coronary CTA, coronary plaques can be classified based on calcium
content as non-calcified, partially calcified, or calcified plaques (Figure I). Detailed
assessment of the extent, location, severity, and features of coronary atherosclerosis has

prognostic value in patients with chest pain.(21)
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Panel A

calcium

Figure 1 Coronary CTA images showing curved multiplanar views of coronary arteries.
Panel A demonstrates a calcified plaque. Panel B shows a partially calcified plaque, and
Panel C shows a non-calcified coronary plaque. Orange contours follow the vessel wall and

yellow contours show the vessel lumen contour. (Own figure)

Coronary artery calcium (CAC) score is an imaging-based marker of coronary artery
disease (CAD). Ca-scoring is a well-established method for quantifying calcified coronary
plaques. Ca-score is usually quantified on ECG gated non-contrast-enhanced coronary CT
studies using the Agatston method.(22) This method quantifies the pixel areas with greater
than 130 Hounsfield Units (HU) within the coronary arteries, which are then weighted based
on density and volume. CAC score has been shown to be significantly associated with
morbidity and mortality.(23, 24) Incorporating CAC data into risk prediction models have
improved risk prediction and reclassified individuals towards higher or lower risk for CVD
events.(17, 24) Ca-score correlates with overall coronary atherosclerotic plaque burden,
therefore it can be used as a surrogate marker of overall CAD. Ca-scoring provides additional
value in predicting mortality in asymptomatic patients and is also linked to cardiovascular
events. (25, 26)

Calcified plaques are less prone to cause events as compared to non-calcified plaques.

Coronary plaques with high-risk plaque features, prone to rupture, are usually partially or
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non-calcified plaques.(20, 27) Assessment of high-risk plaque features such as positive
remodeling, spotty calcification, napkin-ring sign, or low attenuation is only feasible on
contrast-enhanced images.(20) Since the above coronary plaque features carry a higher risk
for plaque rupture, the assessment of high-risk plaque features is strongly encouraged by
current guidelines.(28, 29)

A generally accepted hypothesis suggests that non-calcified plaques represent an
earlier stage in atherosclerotic plaque development, and calcification may only occur in later
stages.(20, 27) The detailed genetic background of CAD is unknown. CAD is considered to
be a multifactorial disease influenced by the interplay of several environmental and genetic
factors.(30) Heritability of CAD has been estimated to be 40-60%, suggesting that genetics
play a vital role in its development.(31) Non-contrast CT-based CAC assessment has shown
a substantial genetic component, ranging from 30% to 45%.(32-36) A robust familial
aggregation has also been observed regarding non-calcified plaques; however it has only
been addressed in a handful of family studies.(37-39) Subjects with a family history of early-
onset CAD have a higher prevalence of subclinical coronary atherosclerosis, composed
primarily of non-calcified plaques.(37) Non-calcified plaques are also more prevalent in
younger patients with a family history of CAD, compared to patients with no family history
of CAD or even compared to symptomatic patients.(38, 39)

1.2.1  CTA-based plaque quantification

Coronary CTA-based plaque assessment has an important role in cardiovascular risk
estimation. Coronary CTA data sets with submillimetre isotropic spatial resolution and
attenuation-based tissue characterization carry the potential to quantify total coronary
atherosclerotic plaque volume and its components, separated based on HU units (Figure

2).(20)
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Figure 2 Demonstrative figure on coronary plaque quantification. Panel A shows a curved
multiplanar reconstruction of the right coronary artery with an atherosclerotic plaque at the
mid-segment. Panel B shows the corresponding vessel wall and lumen graphs. Panel C shows

a cross-sectional image of the plaque with and without color-coding the plaque components.

(Own figure)

Automated software tools are available to quantify and assess coronary plaques. The
reproducibility of automated plaque quantification has shown to be excellent, and accuracy
has also been validated against greyscale intravascular ultrasound and virtual histology
intravascular ultrasound.(40) Volumetric analyses provide the volume of plaque components
and have additional clinical value since the two-dimensional analysis based on mean HU
does not inform about the extent of the specific component.(41) The usual processing time

ranges between 20 and 45 minutes for a complete coronary tree analysis, depending on image

10
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quality and the extent of the disease. For both clinical and research purposes, a complete
coronary tree plaque quantification includes the main branches (left main [LM], left anterior
descending [LAD], left circumflex [LCx], obtuse marginal [OMI1], right coronary artery
[RCA], posterolateral branch [PLB] and posterior descending artery [PDA]) with a >2 mm
diameter. After the software auto-contours the vessel wall and lumen, these tracings need to
be checked and manually corrected when necessary. Volumes are reported in mm? based on
the pre-defined HU thresholds. The software calculates plaque volumes of different plaque
components based on HU thresholds. Non-calcified plaque components are usually defined
as between (-100 and 350 HU), and calcified components are defined as between (351 and
2000 HU). Based on HU, non-calcified plaque components can be further separated into
fibrous, fibro-fatty, or necrotic core components (Figure 2). Results can be exported as an

excel file based on plaques, coronary segments, vessels, or total plaque volumes.
1.3 Ectopic fat depots and cardiovascular diseases

Obesity is a well-known traditional cardiovascular risk factor. The prevalence of
obesity has doubled between 1980 and 2008.(42) Obesity, similarly to CAD, is a
heterogeneous disease; both genetics, and environmental factors play a significant role in its
development. The most commonly used anthropometric measure to diagnose obesity is Body
Mass Index (BMI). BMI is derived from height and weight, and obesity is defined as a BMI
greater than 30 kg/m?. However, BMI does not correlate well with the location of fat
depots.(43) Several studies have shown that people with the same BMI may have different
CVD risk.(44) Part of this phenomenon is caused by the so-called ectopic fat depots. In
addition to overall obesity, ectopic fat has been found to contribute to CVD, therefore treated
as a nontraditional risk factor.(45)

Ectopic fat is fat accumulation in cells that are histologically not adipose tissue cells;
triglyceride accumulates in cells in which generally there is minimal triglyceride content and
usually occurs in or around specific organs or body compartments.(46, 47) Ectopic fat depots
create an atherogenic environment through both local and systemic effects, inducing
inflammation as one of the main effects.(48) The Framingham Heart Study has shown that

irrespective of the subcutaneous fat volume, ectopic fat depots carry a high CVD risk.(49)

11
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Incorporating ectopic fat depots into the CVD risk prediction models could improve their
accuracy.(50) These ectopic fat depots can be visualized and quantified using CT
imaging.(43)

Fat accumulation in the liver and the pancreas are both considered ectopic fat depots.
Fat content in the liver and the pancreas are visualized on chest and abdominal CT

examinations and can be quantified on non-contrast-enhanced images.

1.3.1  Nonalcoholic fatty liver disease

Hepatic lipid accumulation in the absence of significant alcohol intake (<20g/d), viral
infections, toxins, autoimmune disease, or congenital metabolic syndromes is termed
nonalcoholic fatty liver disease (NAFLD).(51) In recent years, NAFLD has become
increasingly prevalent, affecting about 25% of adult people worldwide and carrying severe
vascular and hepatic outcomes.(52-54) NAFLD carries a poor long-term hepatic prognosis
and increases cardiovascular morbidity and mortality.(55) NAFLD is often associated with
known cardiovascular risk factors, and a high-risk metabolic profile usually characterizes
subjects with NAFLD.(56, 57) In the Framingham Heart Study, hepatic lipid accumulation
was associated with several cardiovascular risk factors even after adjustment for other fat
depots.(57, 58) Clinical studies found that NAFLD is an independent predictor of
cardiovascular events, both in patients with type 2 diabetes and non-diabetic subjects.(59-61)

The pathomechanisms responsible for the relationship between NAFLD and
cardiovascular risk are still not fully understood. The liver plays a vital role in glucose and
lipid metabolism.(62) NAFLD may lead to hepatic insulin resistance, resulting in increased
very-low-density lipoprotein production.(63) NAFLD may also induce a pro-inflammatory
and pro-atherogenic state by producing inflammatory, hemostatic, and oxidative stress
cytokines and mediators.(53) Data about the role of genetic and environmental factors in

hepatic lipid accumulation are limited.

1.3.2  Nonalcoholic fatty pancreas disease

Pancreatic lipid accumulation in the absence of significant alcohol intake (<20g/d),

viral infections, toxins, or congenital metabolic syndromes is termed nonalcoholic fatty

12
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pancreas disease (NAFPD).(51) The prevalence of NAFPD is estimated to be about 35% in
adults.(64) The relationship between obesity and NAFPD has been first demonstrated in
1926.(65) However, the clinical significance of this observation remained unknown for a
long time. NAFPD has gained much scientific interest in the last few years. Recently,
research has highlighted the association between NAFPD and altered glucose metabolism,
which may also contribute to cardiovascular risk.(66) An increasing number of publications
have shown the association between NAFPD and increasing age, BMI, metabolic syndrome,
cardiovascular and cerebrovascular diseases.(67, 68)

Similarly to hepatic lipid accumulation, the mechanism responsible for the
relationship between pancreatic lipid accumulation and cardiovascular risk is still not fully
understood. Moreover, data about the role of genetic and environmental factors in pancreatic

lipid accumulation are limited.
1.3.3  Assessment of hepatic and pancreatic lipid accumulation

In the clinical setting, various imaging modalities, including ultrasonography, CT,
and magnetic resonance imaging, have been used to investigate and quantify hepatic and
pancreatic lipid accumulations.(69-71) These measurement methodologies differ in
availability, cost, radiation dose, and reproducibility.(72, 73)

Currently, CT-imaging for the measurement of ectopic lipid accumulation has
become popular due to its short acquisition time, availability, and widespread clinical use. A
variety of CT-based techniques have been applied in the literature, including calculating
hepatic and pancreatic attenuations on unenhanced images using three regions of interest
placed on the pancreatic head, body, and tail or, in case of hepatic lipid quantification, placed
on three different hepatic segments avoiding vascular structures (Figure 3).(74, 75)

Hepatic and pancreatic steatosis present with decreased attenuation values of the
parenchyma on non-enhanced CT-images.(75, 76) Studies have documented that CT
attenuation absolute values and indices can be used to quantify pancreatic and liver fat

volumes and the attenuation values were validated by histological measurements.(74, 76)

13
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Figure 3 Measurement of hepatic (Panel A) and pancreatic (Panel B) attenuations on non-

enhanced computed tomography images. White circles represent the region of interest, where

attenuation is measured. (77) (Own figure)
1.4 The role of twin studies in risk assessment

Family studies and twin studies have been an excellent starting point for decades to
estimate the importance of genetic and environmental backgrounds on a complex trait.
Family studies can estimate familial aggregation of a disease; however familial aggregation
does not equal genetic contribution since the potential to distinguish between common,
shared environmental, and genetic factors is limited in this design.(78) Twin studies can
overcome this issue since twins, with their precisely matching age, represent a unique cohort
among family studies.(78) Twin siblings also share a wide range of environmental and
socioeconomic variables that may influence the expression of complex traits.(79) These

unique characteristics of twin studies provide a powerful tool, which has been used for

14
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decades to estimate the degree of genetic and environmental influences on complex traits.
(79, 80)

In a classical twin study design, the phenotypic variation between monozygotic (MZ)
and dizygotic (DZ) twin pairs is compared. More precisely, the covariance between MZ twins
1s compared to the covariance between DZ twins.(81, 82) Classical twin studies demonstrate
that MZ siblings share almost 100% of their segregating genes, in contrast to DZ pairs, who
share on average 50% of their segregating genes. Moreover, both groups share 100% of the
common environmental (e.g., parenting, early lifestyle diet) and 0% of the non-shared,
unique environmental factors (e.g., unique experiences at school).(81, 83, 84) A similarly
high correlation between MZ and DZ twins provides evidence of shared environmental
effects and a negative correlation is suggestive of non-shared, unique environmental effects.
The stronger correlation among MZ twins in comparison to DZ twins is suggestive of genetic
effects.(81)

Based on these twin study principles, Falconer-based broad sense heritability can be
calculated, and genetic structural equation models can be built to quantify the proportion of
genetic and environmental factors contributing to any phenotype in question.(82) These
genetic structural equation models provide the ability to decompose the variation between
the twins, which was modeled to be caused by genetic factors, shared environmental factors,

and non-shared environmental factors.(81)
1.5 Cancer therapies and cardiovascular diseases

Cancer treatments have evolved over the past thirty years, significantly improving
patients' outcomes and increasing the number and nature of treatment-related cardiovascular
toxicities.(7) In 2021, with more cancer survivors than previously, the overlap of cancer
survivors and patients with CVD is growing.(5) Traditional CVD risk prediction models are
not only inaccurate in a general population but also in cancer survivors who are at increased
CVD risk due to the wide range of received cardiotoxic cancer therapies.

This increasing cluster led to a new sub-specialty called cardio-oncology. Optimizing

cancer therapy at the lowest cardiovascular risk is the most essential goal of cardio-

15
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oncology.(85) Many aspects of treatment-related cardiovascular toxicities and consequences
are still unknown. Moreover, in CVD risk scores, cancer therapies are usually not included.
Therefore, using traditional risk scores to predict the long-term consequences of cancer
treatment-associated cardiovascular side effects could lead to an underdiagnosis of excess
CVD risk. This inaccuracy may result in the failure to prevent adverse events or an

inappropriate interruption of a potential lifesaving cancer treatment.(7)
1.5.1  Immune checkpoint inhibitors

In recent years, immunotherapy evolved as the fifth pillar of cancer care and has
revolutionized cancer treatment.(86) Immune checkpoint inhibitors (ICI) are a type of
immunotherapy. Immune checkpoints are negative regulators of immune activation. They
play a key role in maintaining immune homeostasis and preventing autoimmunity.(87)
Immune checkpoints can also limit the immune system’s antitumor response. ICIs release
these negative regulators and leverage the immune system to identify and target cancer cells.
This can be achieved by antibodies blocking two main T-cell pathways; the cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) or the programmed cell death 1 (PD-1)
pathway.(86) In 2011, ipilimumab, the first antibody blocking CTLA-4, was authorized,
rapidly followed by the development of monoclonal antibodies targeting PDI1
(pembrolizumab and nivolumab) and programmed cell death ligand 1 (PDL-1) (atezolizumab
and durvalumab).(88) The use of ICI has resulted in long-lasting tumor responses in patients
with various cancers, and their use is rapidly expanding. For example, in 2014, ICIs were
approved for three cancer indications.(89) By 2020, ICIs are used as single agents or in
combination with chemotherapies as first or second-line therapies in more than 50 cancer
types.(88) Moreover, the percentage of patients with cancer eligible for an ICI has increased
from 1.5% in 2011 to greater than 36%.(90) The benefit of ICIs has expanded to the adjuvant
setting in some malignancies. The number of active ongoing clinical trials testing the effect
of ICI in combination with traditional cancer therapies is estimated to be more than 4,400 as
of September 2019. (91, 92)

It is well known that inflammatory pathways drive atherogenesis. The role of

inflammation and immune modulation in CVD is well established.(93) Immune cells are an
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important part of the atheroma, and animal and cellular studies have demonstrated that these
immune checkpoints are critical negative regulators of atherosclerosis.(94, 95) Whether
inhibiting the CTLA-4 and PD-1 pathways in atherosclerosis leads to an increase in

atherosclerotic plaque and atherosclerosis-related cardiovascular events is unclear.(96, 97)
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Objectives
To assess the heritability of coronary plaque volumes and ectopic fat depots

To investigate the magnitude of genetic and environmental impact on calcified and
non-calcified coronary plaque volumes.

To evaluate the magnitude of the genetic and environmental impact on hepatic lipid
accumulation.

To evaluate the magnitude of the genetic and environmental impact on pancreatic

lipid accumulation.
To assess the degree of cardiotoxic effects of cancer immunotherapy

To test whether ICIs are associated with an increase in atherosclerotic plaque
progression in an imaging study.
To test whether the use of ICIs leads to an increase in cardiovascular events in a

matched cohort study.

18
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3 Patients and Methods

Methods not described in associated co-authored or first-authored publications are detailed
in this section. Methods already published with my authorship are briefly described or

excluded from this thesis, following the guidance of the Doctoral School.
3.1 BUDAPEST Twin Study

A prospective, single-center, classical twin study was conducted under the name of
BUDAPEST-GLOBAL (Burden of Atherosclerotic Plaques Study in Twins - Genetic Loci
and the Burden of Atherosclerotic Lesions) study; participants had been co-enrolled within
the large, international, multicenter GLOBAL clinical study (http//:www.ClinicalTrials.gov:
NCT01738828).(98) The study was approved by the National Scientific and Ethics
Committee (institutional review board number: ETT TUKEB 58401/2012/EKU [828/P1/12],
Amendment-1: 12292/2013/EKU [165/2013] and all subjects provided written informed

consent.
3.1.1  Study designs and study populations

Detailed study description and enrollment criteria were published previously.(77, 99)
The final cohort for the coronary plaque analysis included 196 twin subjects (98 twin pairs;
60 MZ and 38 DZ same-gender twin pairs), with three twin pairs excluded due to insufficient

image quality.
3.1.2  Data collection, image acquisition and analysis

A detailed CT scanning protocol was previously published.(77, 99) A detailed
description of image analysis was previously published for the hepatic and pancreatic
measurements.(77, 99)

For coronary plaque assessment, a quantitative CT analysis was performed using a
dedicated software tool (QAngio CT; Medis BV, Leiden, The Netherlands). Coronary
atherosclerotic plaques were defined as any visible structure in at least two independent

planes which had a CT density below the contrast-enhanced coronary lumen but above the
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surrounding connective tissue. The software calculated plaque volumes for different plaque
components. Non-calcified components were defined based on HU thresholds of (-100-350
HU), and calcified components were defined as (351-2000 HU). For each sibling, the
coronary segments were co-registered in three steps.

The vessel and lumen border segmentation was performed for the main epicardial
vessels and for the side branches, with >2 mm in luminal diameter. Both the vessel wall and
luminal tracings were checked and manually corrected, if necessary, for all the vessels in
each patient. Coronary plaques were marked manually by their proximal and distal slices
using multiplanar coronary CTA images. As the last step, twin-based co-registration was
performed. The same length of coronary arteries needed to be analyzed for each sibling to
reduce the healthy segments induced noise. Three scenarios were possible for the twin-based
co-registration. 1) If none of the siblings had a coronary atherosclerotic plaque, then the
proximal parts of the coronaries were analyzed for both siblings (80 mm for LM and LAD,
RCA, and 50 mm from the LCx or for the OM1) (Example 1 in Figure 4). In case these
vessels reached a minimum of 2 mm in luminal diameter more proximal than the pre-
specified lengths as described above, arterial segments from the twin pairs were co-registered
based on the shortest vessel length. 2) In case one of the twins had plaques but the other did
not, then the plaques were matched in location (using the distance from the orifice or
bifurcation). Same length segments in the same location were analyzed for the healthy sibling
as for the diseased one (Example 2 in Figure 4). 3) If both siblings had CAD, we matched
all of their plaques in location and length (Example 3 in Figure 4).
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Example 1: Neither of the siblings has CAD

Twin A : no CAD
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Twin A : has CAD
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Twin A : has CAD
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Figure 4 Demonstration of the plaque analysis method. Stretched multiplanar reconstruction

of the left anterior descending (LAD) artery for each subject and the quantification graph of

the LAD. Yellow: analyzed segments. Blue: plaque. (Based on a manuscript under review.)
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3.1.3  Statistical analysis

To assess the heritability of calcified plaque, non-calcified plaque volumes, hepatic,
and pancreatic lipid accumulation, two types of heritability estimates were used. To assess
the heritability of calcified plaque and non-calcified plaque volumes, the Falconer method
for broad-sense heritability (H?) was used. To assess the heritability of hepatic and pancreatic
lipid accumulation, genetic structural equation models were used.

Therefore, the Falconer method for broad-sense heritability was used to assess the

heritability of calcified plaque and non-calcified plaque volumes. This method is based on
the correlation values between MZ (rmz) and DZ (rpz) twin pairs. Correlations were
calculated using the Pearson correlation coefficient. H> was calculated as follows; H? =
2 X (ryz — 1pz)-(82, 100). High within-pair correlation values in the MZ group, when
associated with lower within-pair correlation values in the DZ group, confers high
heritability. Therefore, if phenotypic similarities occur more often in the MZ twins than in
the DZ twins, it indicates genetic influence on the trait. On the contrary, if co-twin analysis
shows similar correlation values among the MZ and the DZ siblings, the influence on the
trait is environmental (98).

A detailed description of the statistical analysis and the genetic structural equation
models were previously published for the heritability of hepatic and pancreatic lipid
accumulation.(77, 99) Briefly, using the structural equations model, it is possible to break
down the variation between the twins. As mentioned in the Introduction, the variation
between twins can be broken down to additive genetic factors (A), common environmental
factors (C), and unique environmental factors (E), therefore the acronym “ACE model”.(81)

“A” represents genetic alleles whose effects are additive with regards to a given
phenotype; in our study, hepatic and pancreatic lipid accumulation. “C” are circumstances
shared by the twin pairs during their lifetime, such as same early childhood, education in the
same school, living in the same town, sharing similar socioeconomic status even in
adulthood, etc.(81) “E” are conditions to which only one of the siblings was exposed.(84) All
calculations were adjusted for age and sex. Log likelihood-based 95% confidence intervals

(CI) were calculated for all estimated parameters. All analyses were performed using R
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version 3.5.2.(101) Twin modeling was performed using OpenMx version 2.12.2. A P-value

of <0.05 was considered statistically significant.
3.2 Immune Checkpoint Inhibitor treated population

The Methods for this study have been previously published, and detailed information
on the study design, study populations, data collection, image acquisition, and analysis can
be found in the publication.(102) Briefly, to evaluate whether the use of ICI leads to an
increase in atherosclerotic plaque progression, an imaging study was performed. Then, as a
second step, we aimed to determine if the changes observed in the imaging study translate to
clinical events or not; therefore a matched cohort study was performed.

In a retrospective database, all individuals treated with an ICI through the end of
March 2019 at Massachusetts General Hospital, Boston, MA, USA, were included. Patients
with melanoma and at least three CT scans in our system were included in the imaging study
from this database All patients from this ICI database were included as cases for the matched
cohort study, and historical controls were selected from all patients treated for cancer at the
same center between January 1% 2008 and December 315 2012. For this historical control
group, the use of an ICI at any time point was an exclusion criterion. This resulted in a cohort
of 8543 patients. From these, we selected controls in a 1:1 ratio matching cases for age, a
history of cardiovascular events, and cancer type (Figure 5). The study entry for the controls
was their first visit after January 1%, 2008. Covariates were derived from the Institutional
Research Patient Data Registry. The Partners Human Research Committee approved the

study, and no informed consent was required.
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Patients treated with immune checkpoint inhibitor therapy at Cancer patients at Massachusetts General Hospital between
Massachusetts General Hospital until 3/31/2019 1/1/2008 and 1/1/2012
N = 2854 N =9793

1250 excluded due to
immune checkpoint
treatment

12 excluded due to
available data

N = 2842 N = 8543

|

794 patients with melanoma 1:1 matching based on
age, history of cardiovascular events and cancer type
2842 cases
2842 controls

64 patients with a contrast chest CT at 3 time points: Individual chart review performed
* remotely >3 months pre-immune checkpoint, to identify cardiovascular events
* <3 months prior to the start of the checkpoint
* >1year post-immune checkpoint
24 excluded due to:
¢ 21 without plaque at baseline
* 3inadequate image quality
Imaging study Matched cohort design
N =40 N = 5684

Figure 5 Flowchart of patient selection for the immune checkpoint inhibitor-treated
population and for the controls. The left side shows the inclusion for the imaging study, and
the right side demonstrates the selection for the matched cohort design. (Modified based on

previous publication.(102))

In the imaging study, thoracic plaque volumes were measured over time on all three
contrast-enhanced CT scans using a dedicated software (QAngioCT, version 3.1.4.2, Medis
Medical Imaging Systems, Leiden, the Netherlands).(103) Plaque change was calculated as
the difference in plaque volume measured on two consecutive scans (i.e., from scan one to
scan two and from scan zero to scan one). Annualized plaque progression rate was computed
as plaque change per year given in absolute and relative rates (mm? and %).

In the matched cohort study, the primary outcome was the occurrence of a
cardiovascular event, defined as a composite of myocardial infarction, coronary
revascularization, and ischemic stroke. These events were chart reviewed and blindly
adjudicated. Cox proportional hazard regression analysis was performed to calculate hazard
ratios (HR) with 95% ClIs, counting only the first cardiovascular event. Further information

on methods can be found in the publication.(102)
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4 Results
4.1 Results from the BUDAPEST Twin Study

Baseline demographics and clinical characteristics of the twin subjects are
summarized in Table 1, showing the different sample sizes in each sub-study. The study
population represented a moderately overweight, middle-aged Caucasian population with a
slight female predominance. The mean age in the coronary plaque study was 56 + 9 years,
similar to the hepatic and pancreatic lipid accumulation studies. More female subjects were
analyzed in all three studies, reaching more than 63%. The most prevalent cardiovascular
risk factor in the total cohort was hypertension (83/196, 42.3%, 75/182, 41.2% and 67/136,
49.3%). Both total cholesterol (5.56 £ 1.09 mmol/L) and LDL-cholesterol levels (3.49 + 0.99
mmol/L) were slightly elevated among participants in all sub-studies.

Table 1 Baseline demographics and laboratory parameters for the twin subjects.

Coronary Hepatic Pancreatic
Parameters plaque study lipid lipid
n =196 study study
n =182 n=136
Demographics and clinical data
Female, n (%) 124 (63.3) 120 (65.9) 88 (64.7)
Age, mean = SD, y 56+9 56 +10.0 58+9
Body mass index, mean + SD, kg/m™ 27.7+5.1 27.5+5.0 28.0+4.4
Hypertension, n (%) 83 (42.3) 75 (41.2) 67 (49.3)
Diabetes mellitus, n (%) 17 (8.7) 16 (8.8) 11 (8.0)
Current smoker, n (%) 31 (15.8) 31(17.0) 21 (15.4)
Laboratory parameters
Fasting blood glucose, mean £ SD, mmol/L 5.34+1.29 531+1.27 523+0.87
Serum total cholesterol, mean + SD, mmol/L 5.56 £ 1.09 554+1.08 5.57+1.10
Serum LDL-cholesterol, mean + SD, mmol/L 3.49+0.99 347099 3.56+0.49
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Serum HDL-cholesterol, mean = SD, mmol/L 1.61+0.39 1.60+0.38 1.59+0.35
Triglycerides, mean + SD, mmol/L 137.7+£91.2 1.57£1.06 134.5+74.0

4.1.1  Coronary plaque volumes

A total of 196 twin subjects had adequate image quality to participate in the coronary
plaque sub-study. Subjects in the MZ group were older than the DZ group (54 = 10 vs. 58 £
8 years, P = 0.005). 16.8% (33/196) of the participants were on primary preventive statin
therapy. The 10-year Atherosclerotic Cardiovascular Disease Risk Score was 7.9 + 7.7 for
the total cohort. Significant differences were observed in the Haemoglobin A1C levels
between the MZ and DZ groups (MZ: 5.6 £ 1.0 % vs. DZ: 5.3 £ 0.8 %, P =0.01). Otherwise,
there were no significant differences between the groups.

Of the 196 twins, 102 (52.0 %) had coronary plaques, 42 were DZ, and 60 were MZ.
The prevalence of any CAD was not different among the groups. (DZ: 55.3% [42/76] vs MZ:
50.0% [60/120] group P=0.56). The prevalence of discordant twin pairs, meaning one sibling
had CAD the other did not was similar among the groups (DZ: 26.3% [20/76] vs. MZ: 20%
[24/120] P=0.38). The prevalence of concordant twin pairs with no CAD was also similar
among the groups (DZ: 31.6% [24/76] vs. MZ: 40% [48/120] P=0.29). The prevalence of
concordant twin pairs with CAD was not different among the groups (DZ: 42.1% [32/76] vs.
MZ: 40% [48/120], P=0.88). Comparing those MZ and DZ twins who had CAD, we found
no differences regarding non-calcified plaque volume (DZ: 107 [52 - 178] mm3 vs MZ: 79
[36 - 175] mm3; P=0.5) and calcified plaque volume (DZ: 43 [7 - 65] mm3 vs MZ: 18 [5 -
84] mm3, P=0.4).

Calcified plaque volume showed a strong correlation between both the MZ and DZ
twin pairs with an rmz of 0.96 and an rpz of 0.87. However, non-calcified plaque volume
showed stronger correlations between the MZ as compared to the DZ twins (rmz=0.73 and
rpz=0.44). Based on these correlation values, the broad heritability of calcified plaque volume
was moderate (H?>=0.59), whereas the heritability of non-calcified plaque volume was found

to be weak, yielding an H? of 0.17 (Table 2).
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Table 2 Correlation values and Falconer-based heritability index of non-calcified and

calcified plaque in 196 twins.

rmz Iz H?
Parameteres
Non-calcified plaque volume 0.96 0.87 0.17
Calcified plaque volume 0.73 0.44 0.59

4.1.2  Hepatic and pancreatic lipid accumulation

A total of 182 twin subjects had sufficient data to measure hepatic lipid accumulation,
and 136 twin subjects had sufficient data to measure pancreatic lipid accumulation. Baseline
characteristics for both cohorts are shown in Table 1. There was no significant difference
between MZ and DZ twin subjects regarding hepatic CT attenuation (57.9 £ 12.6 HU and
59.3 £ 11.7 HU, P = 0.75) or regarding pancreatic CT attenuation (48.9 £ 11.9 HU and 49.0
+ 13.0 HU, P = 0.93). Using the structural equation model, the best fitting models were the
AE models both for the hepatic and pancreatic lipid accumulation. A greater unique
environmental influence (E: 62% [95% CI 15-58%]) and a moderate additive genetic
dependence (A: 38% [95% CI 5-58%]) was found for hepatic lipid accumulation. Similarly,
for pancreatic lipid accumulation, a greater unique environmental influence (E: 54% [95%
CI 19-66%]) and a moderate additive genetic dependence (A: 46% [95% CI 34-81%]) was

found.

4.2 Results from the Immune Checkpoint Inhibitor treated population

4.2.1  Aortic plaque progression after Immune Checkpoint Inhibitor therapy

In the imaging study of melanoma patients receiving ICI therapy, the mean age was
67 + 7 years, with 55% male subjects. Patients received ICI monotherapy in most of the cases
(87.5%), and the median number of ICI cycles received was 8.5 (4.5-23.5). The clinical
characteristics of the patients in the imaging study remained constant over time and, apart

from cancer type, were not different from the matched cohort (7Table 3).

27



DOI:10.14753/SE.2022.2580

Table 3 Comparison between baseline and follow-up characteristics of the patients with

melanoma included in the CT study.

Atscan 0 Atscan 1

Cardiovascular risk factors — no. (%)

Hypertension 47.5% 52.5%

Diabetes 7.5% 10.0%

Never smoker 52.5% 55.0%

History of myocardial infarction 7.5% 10.0%

History of coronary revascularization 10.0% 12.5%
Cardiovascular medications — no (%)

Aspirin 17.5% 27.5%

Statin 42.5% 42.5%

There was an increase in the total plaque volume over the duration of the three CT
scans (median and interquartile range [IQR] total plaque volume at baseline 1438 [703-2690]
mm? to 1567 [703-2676] mm? at ICI start to 2183 [923-4150] mm?® during follow up).
Similarly, there was an increase in the non-calcified plaque volume over the duration of the
three scans (median [IQR] non-calcified plaque volume at baseline 1285 [643-2193] mm? to
1130 [592-1986] mm?* at ICI start to 1725 [733-3584] mm?® during follow up). The
progression rate, adjusted for the study interval, was greater in the period after ICI as
compared with prior, for both total (P=0.02) and non-calcified plaque (P = 0.02, Table 4).
Specifically, the rate of total plaque volume progression increased 3-fold from 2.1% per year

pre- to 6.7% per year post-ICI.
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Table 4 Absolute and relative change in thoracic atherosclerotic plaque volume from before
starting an immune checkpoint inhibitor (Baseline - ICI start) to after starting an immune

checkpoint inhibitor (ICI start - follow up).

Baseline — ICI start | ICI start — follow up P

Scan 0 — Scan 1 Scan 1 — Scan 2 Value

Absolute change (mm?/year) — median [IQR]

Total plaque volume 13.8 [-240-122] 103 [0-511] 0.02
Non-calcified plaque volume -18.2 [-274-57] 53 [0-382] 0.02
Relative change (%/year) — median [IQR]

Total plaque volume 2.1 [-13.0-18.6] 6.7% [2.2-28.1] 0.17
Non-calcified plaque volume -2.3 [-14.0-12.7] 5.3% [1.4-40.1] 0.14

4.2.2  Cardiovascular events after Immune Checkpoint Inhibitor therapy

Baseline demographics and clinical characteristics for the matched cohort study
population are summarized in Table 5.

Overall, cases and controls were not different with respect to the type of cancer and
a history of any cardiovascular event. Non-small cell lung cancer (28.8%) and melanoma
(27.9%) were the most common type of cancer. Controls were more likely to be female (46.9
vs. 42.6%, P = 0.001) and had higher rates of hypertension (53.5 vs. 49.2%, P =0.001) and
diabetes mellitus (18.2 vs. 15.7%, P = 0.014). Among patients receiving ICI therapy, PD-1
inhibitor therapy was the most commonly prescribed (75.3%), and a median of five cycles of

ICI were administered.
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Table 5 Baseline characteristics of patients treated with immune checkpoint inhibitor and

control patients.
Cases Controls P Value

Demographic

Number of Patients 2842 2842

Sex —no. (%)

Male 1631 (57.4) 1509 (53.1) 0.001
Female 1211 (42.6) 1333 (46.9) 0.001

Age — years, mean. (SD) 64 (13) 64 (13) 0.14
Race or ethnic group — no. (%) <0.001

White 2479/2704 (91.7) | 2851/2748 (93.9)

Asian 96/2704 (3.6) 43/2748 (1.6)

Black or African American 57/2704 (2.1) 64/2748 (2.3)

Hispanic 29/2704 (1.1) 40/2748 (1.5)
Clinical variables — mean. (SD)

Body mass index - (kg/m?) 27.0 (6.4) 27.6 (5.7) <0.001

Systolic blood pressure (mmHg) 127.6 (18.6) 127.6 (16.9) 0.93
Cardiovascular risk factors — no (%)

Hypertension 1356/2756 (49.2) 1518/2837 (53.5) 0.001

Diabetes mellitus 433/2756 (15.7) 517/2837 (18.2) 0.014

Smoking current or prior 429/2756 (15.6) 405/2837 (14.3) 0.19

Hyperlipidemia 840/2756 (30.5) 1048/2837 (36.9) <0.001
Cardiovascular diagnoses — no (%)

History of any cardiovascular event 322/2842 (11.3) 357/2842 (12.6) 0.16

History of myocardial infarction 136/2842 (4.8) 167/2842 (5.9) 0.077

History of coronary revascularization 195/2842 (6.9) 230/2842 (8.1) 0.078

History of ischemic stroke 82/2842 (2.9) 101/2842 (3.6) 0.18

Cardiovascular medications — no. (%)
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Angiotensin  converting enzyme | 612/2704 (22.6) 647/2423 (26.7) <0.001
inhibitor or angiotensin Il receptor
blocker
Beta-blockers 628/2704 (23.2) 798/2423 (32.9) <0.001
Calcium channel blockers 396/2704 (14.6) 360/2423 (14.9) 0.86
Statins 704/2704 (26.0) 672/2423 (27.7) 0.17
Aspirin 578/2704 (21.4) 603/2423 (24.9) 0.003
Cancer types — no. (%)
Non-small cell lung 819/2842 (28.8) 819/2842 (28.8)
Melanoma 794/2842 (27.9) 794/2842 (27.9)
Head and neck 344/2842 (12.1) 344/2842 (12.1)
Renal and genitourinary 182/2842 (6.4) 182/2842 (6.4)
Breast 119/2842 (4.2) 119/2842 (4.2)
Gastrointestinal 116/2842 (4.1) 116/2842 (4.1)
Gynecologic 110/2842 (3.9) 110/2842 (3.9)
Lymphoma 82/2842 (2.9) 82/2842 (2.9)
Hepatobiliary 101/2842 (3.6) 101/2842 (3.6)
Pancreatic 37/2842 (1.3) 37/2842 (1.3)
Immune checkpoint inhibitor type — no. (%)
Monotherapy
Programmed death-ligand-1 283/2842 (10.0)
Cytotoxic-T-Lymphocyte associated protein 4 221/2842 (7.8)
Programmed death-protein 1 2141/2842 (75.3)
Cytotoxic-T-Lymphocyte associated protein 4 2/2842 (0.1)
or programmed death protein 1
Combination therapy
Cytotoxic-T-Lymphocyte associated protein 195/2842 (6.9)
4/Programmed death protein 1
Number of cycles of ICI —no, (IQR) 5 (2-11)
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In univariable Cox proportional hazard model, the use of an ICI was associated with
a >4-fold increase in the risk for a composite cardiovascular event (HR, 4.7 [95% CI, 3.5-
6.2]; P<0.001). For the individual outcomes, similar results were found (7able 6 and Figure
6), where the use of an ICI was associated with a higher risk for myocardial infarction (HR,
7.2195% CI,4.5-11.5;] P <0.001), a 3-fold increase in the risk for coronary revascularization
(HR, 3.0 [95% CI, 1.9-4.8]; P <0.001), and a 4-fold increase in the risk for ischemic stroke
(HR, 4.6 [95% CI, 2.9-7.2]; P < 0.001).

In a parsimonious multivariable model, which included known cardiovascular risk
factors (male sex, age, body mass index, hypertension, diabetes mellitus, chronic kidney
disease, smoking, prior history of a cardiovascular event, statin use, aspirin use, hemoglobin,
and low-density lipoprotein), the use of an ICI was associated with a 3-fold increase in the
risk for a composite cardiovascular event (multivariable HR, 3.3 [95% CI 2.0-5.5]; P <0.001,
Table 6, Model 1).
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Figure 6 Kaplan-Meier curves of the cumulative hazard in cases (red) and controls (blue) of

the composite and individual component outcomes and the event rates at three years.(102)
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Table 6 Multivariable Cox proportional hazard model results of the composite

cardiovascular outcome (myocardial infarction, revascularization, ischemic stroke).

Hazard 95% CI1 P Value
Ratio
Multivariable model 1.
Immune checkpoint inhibitors 3.31 1.99 5.51 <0.001
Male sex 1.71 1.14  2.54 0.009
Age 1.04 1.02  1.06 <0.001
Body mass index 1.03 1.00  1.06 0.076
Hypertension 0.89 0.53 1.51 0.67
Diabetes mellitus 1.41 0.96 2.07 0.082
Chronic kidney disease 0.93 0.60 144 0.75
Smoking current or prior 1.27 0.83 1.95 0.27
History of any cardiovascular event 2.14 1.39  3.29 0.001
Statins 0.72 048  1.09 0.12
Aspirin 1.14 0.76  1.69 0.53
Hemoglobin 0.88 0.79  0.98 0.023
Low-density lipoprotein 1.00 0.99 1.00 0.68
Multivariable model 2.
Immune checkpoint inhibitors 4.50 330 6.13 <0.001
Age 1.03 1.02  1.04 <0.001
History of any cardiovascular event 2.19 1.63 294 <0.001
Diabetes mellitus 1.42 1.07 1.87 0.01
Systolic blood pressure 1.01 1.00  1.02 0.01
Non-small cell lung cancer 1.54 1.19  2.01 <0.001
Prior radiation therapy 1.54 .13 2.09 0.01
Male sex 1.29 1.00  1.66 0.05
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5 Discussion

Among the BUDAPEST Twin study participants using coronary CTA, we found a
weak heritability of non-calcified plaque volume, while calcified plaque volume had a more
substantial genetic background.

Positive family history of CAD is considered to be an independent risk factor for
future cardiovascular events.(104) Healthy first-degree relatives of patients with early-onset
CAD have an approximately 5-fold increase of total coronary plaque volume compared to
symptomatic patients.(39) In the Swedish twin registry, among 20,000 twins, if a twin sibling
had died from early-onset CAD, the sibling’s relative hazard of death due to CAD was
roughly double in male MZ twins as compared to male DZ twins, and nearly six-times higher
in females.(30)

It has been demonstrated that calcified coronary plaque quantity measured on
nonenhanced CT images has a substantial genetic component. (32-36) In a community-based
study from Rochester, investigators reported that >40% of the interindividual variation in
CAC quantity is attributed to genetic factors. These findings are in congruence with our
results, implying a strong hereditary component of coronary calcification.

On the other hand, we observed that environmental factors might play a more
important role than genetic effects in determining non-calcified plaque volumes in
individuals without known CAD. Based on these results, our findings are seemingly in
contradiction to the literature, which describes the importance of familial aggregation and
genetics in CAD development.

However, the fact that a trait “runs in families” does not fully imply a strong genetic
background since families also share a wide range of shared, common environmental factors
(like socioeconomic status). In a family study design, separating genetic and common
environmental effects can be challenging, but twin studies can overcome this limitation. With
a twin study design, the magnitude of genetic and common environmental components can
be estimated separately.(78, 80, 105) Twin studies may be more powerful to examine the
heritability of a complex trait than family aggregation studies for several reasons. For
example, twin subjects have matching age, and twins share maternal factors and a range of

early environmental factors, which might potentially bias the associations. Twins are exposed
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to a higher degree of family environment compared with non-twin sib pairs, and they also
share a range of environmental variables and various socioeconomic statuses even in
adulthood, which do contribute to the expression of complex traits.

It is important to note that our findings do not explain the underlying
pathophysiological background of CAD and plaque formation. Our results indicate that early
development of coronary plaques is less influenced by genetic factors, therefore primarily
influenced by environmental factors such as socioeconomic status, in contrast to plaque

calcification which is more dependent on genetics.

In the same prospective classical twin study, we found a moderate additive genetic
and a greater unique environmental influence on hepatic and pancreatic lipid accumulations.
These results may indicate that development of hepatic and pancreatic fat accumulations, as
ectopic fat depots are mainly driven by lifestyle factors. Therefore, both hepatic and
pancreatic lipid accumulations could be treated as a nontraditional and modifiable
cardiovascular risk factor.

We used non-enhanced CT images to evaluate hepatic and pancreatic lipid
accumulations, using methods published in the literature. However, there are several methods
and criteria to define hepatic and pancreatic fat accumulations. Using absolute attenuation
values or derived ratios or differences (spleen-to-liver attenuation ratio or difference in
attenuation values between liver/pancreas and spleen) are both accepted. In this study, due to
the twin heritability analysis, we decided to use absolute numbers of HUs instead of derived
numbers since absolute values are proposed to be a better approach for twin statistics. Our
current CT-based findings of hepatic lipid accumulation reflect similar results found from
ultrasonography-based studies.(106) The results of ACE models have few numerical
differences, which could be attributed to the difference in study methodology and study
participants.

Our findings indicate that hepatic and pancreatic fat accumulations as a marker of
ectopic fat depots may be helpful as a tool for cardiovascular risk assessment and improve
clinical practice. The development of hepatic and pancreatic lipid accumulation is

predominantly influenced by environmental factors. Therefore, lifestyle changes are
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importance for prevention at the population level and especially for patients with high
cardiovascular risk. Lifestyle changes and weight management should be considered as an

essential element for preventing or decreasing hepatic and pancreatic lipid accumulation.

In an imaging study of patients receiving ICI therapy, there was a >3-fold increase in
the rate of atherosclerotic plaque progression after initiation of ICI treatment. In a matched
cohort study, ICI therapy was associated with a 3-fold higher risk for atherosclerotic
cardiovascular events as compared with cancer patients who did not receive ICI.

Progression of atherosclerotic plaque measured on contrast-enhanced CT images is a
robust predictor of atherosclerotic cardiovascular events and an established outcome measure
for randomized clinical trials.(107-109) Our CT imaging subiistudy demonstrates the
association between ICI use with accelerated progression of atherosclerosis. The rate of
plaque progression in our study (annually 6.7%) is nearly 3-times higher than reported in
patients with subclinical (annually 2.4%) and clinical CVD (annually 0.5-1.3%).(110, 111)
Basic science data strongly support the hypothesis that immune checkpoint inhibition may
accelerate atherosclerosis. Animal data have shown that the same immune checkpoints are
established negative regulators of atherosclerosis.(94, 95, 112, 113) For example, the PD-
1/PD-L1 pathway downregulates the proatherogenic T-cell response, and mice lacking PD-
L1 had a 3-fold increase in atherosclerotic plaque with an associated increase in T-cells and
macrophages.(95, 112) In a hyperlipidemic mice model short term CTLA-4 blockade resulted
in the formation of plaques with large necrotic cores, accelerated predominantly by T-cell
driven inflammation and increased endothelial activation was also observed.(114)

So far, research on the cardiac toxicities of ICIs has focused on the development of
myocarditis, suggesting that myocarditis is an uncommon but potentially fatal complication.
(115-122) Since the middle of 2020, a few cohort studies have been published which tested
the association between ICIs and cardiotoxicity.(123, 124) It is becoming clear that ICI-
associated cardiotoxicity is not only ICl-associated myocarditis, but ICI therapy also
increases the risk of future heart failure and cardiovascular events.(123-126) In a pooled
analysis of 59 oncological trials submitted to the FDA for approval (sample size: 21,664),

among patients on an ICI compared to patients receiving traditional cytotoxic
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chemotherapies, there was a 35% increase in coronary ischemia over six months of follow-
up.(127) Similarly, in a large retrospective meta-analysis including >20,000 immune
checkpoint-treated patients, 9.8% of treatment-related deaths were from cardiovascular
events, including; heart failure, myocardial infarction, and the development of a
cardiomyopathy.(128) In a nationwide Danish study, patients with lung cancer and melanoma
receiving ICI therapy had an increased risk for a cardiac event, defined as arrhythmia, peri-
or myocarditis, and heart failure or cardiovascular death. Lung cancer patients receiving ICI
therapy had a hazard of 2.14 (95% CI: 1.50-3.05), and melanoma patients had a hazard of
4.30 (95% CI: 1.38-13.42) for a composite event as compared to controls who did not receive
ICI therapy.(123) Consistent with prior studies in patients with cancer, in a multivariable
model, we also found that older age, diabetes mellitus, ICI use, higher blood pressure, male
sex, prior radiation treatment, and a history of a cardiovascular event all increased the risk
for a composite cardiovascular event.(129) In addition to our data, these studies also suggest

a higher rate of atherosclerotic cardiovascular events with ICIs.

5.1 Limitations

In the BUDAPEST Twin study, our sample size is relatively modest but comparable
with other clinical studies in twins.(130) Our results were derived from a healthy white twin
population; therefore, the generalizability of our findings is limited. The aim was to balance
the overall population for 50% females and >50% DZ twins, however, 63% of the twins are
female, and 39% are DZ twins. This might be since females, and MZ twins are more willing
to participate in research than are males.(131) In our study, the zygosity was classified
according to validated questionnaires, but this method is widely used in clinical studies.(132,
133) The DZ pairs' age was somewhat higher than MZ pairs, but all models were corrected
for age and sex in the genetic structured equation models. In the coronary plaque twin study,
statins were used in 16.8% of the patients, which is relatively low; however, still can
influence the presence and phenotype of CAD.(134) Measurement error may appear as part
of the unique environmental component as it is uncorrelated across measurements. Due to

the cross-sectional nature of our study, we had no data about the plaque, liver, and pancreatic
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fat development over time in the study subjects. We used non-enhanced CT images for
measuring hepatic and pancreatic lipid accumulation without histological validation.
Nevertheless, non-enhanced CT-based evaluation of the hepatic and pancreatic fat
accumulation is accepted, and histopathological correlations have already been published by
others.(74, 75) Visualization of the liver and the pancreas is often challenging due to
inadequate coverage or image quality on coronary CT images. In all the twin sub-studies, we
excluded twin subjects (and their siblings) from the analysis due to poor image quality;
therefore, the sample size differed for each sub-study. In our study, we refrained from using
derived ratios or differences as we aimed to assess genetic and environmental dependence of
hepatic and pancreatic lipid accumulation, and crude but not derived numbers should be
considered more appropriate for assessing the phenotype in statistical analysis of a classical

twin study.

The primary limitations of our ICI matched cohort study are the retrospective nature
of the study at a single center and the presence of missing data. However, our cohort of
patients on ICI is over 20 times larger than any prior publication, the number of events was
substantial, and the directionality of our findings is supported by prior smaller studies. These
factors overall provide much improved statistical power and thus confidence in our findings.
This was a retrospective study, and it is possible that there remain several unmeasured
residual confounders that may have influenced the association between ICI use and vascular
events. An significant limitation is that it is difficult to control for other variables which may
change over time in a patient with cancer and which may also impact cardiovascular risk;
however, we did not find significant changes over the study period in clinical variables (e.g.,
blood pressure) or cardiovascular medication use in either the clinical or the imaging cohort.
Another limitation of this study design would be whether a previous cardiovascular event
altered the exposure to an ICI. However, prior CVD is not a contraindication to ICI therapy,
is not an exclusion from most clinical trials testing the efficacy of ICI.(91, 135-138) ICIs are
associated with an increase in inflammation; however, routine measures of inflammation

such as measures of cytokines and C-Reactive Protein were not performed. We measured
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other related markers such as the white blood cell count, neutrophil count, and lymphocyte

count and found no difference between those with and without events.
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6 Conclusions

In conclusion, we observed that non-calcified plaque volume is less determined by
genetic factors, predominantly by environmental factors, while calcified plaque volume is
influenced mainly by genetics. These findings suggest that lifestyle may have an essential
role in the initiation of CAD since non-calcified plaques were more determined by
environmental factors, and genetic factors showed a more substantial effect on the presence
of calcified plaque. We have also found that unique environmental influences outweighed
additive genetic effects on the phenotypic appearance of both hepatic and pancreatic lipid
accumulations.

In a retrospective study of patients receiving ICI therapy, a greater atherosclerotic
plaque progression was found after starting the therapy. Moreover, as compared to cancer
patients who did not receive ICI therapy, there was a higher rate of cardiovascular events
associated with the therapy.

Our results underline the importance of optimal cardiovascular risk factor
management early in life and prior to therapy with ICIs. Favorable changes of modifiable
environmental factors are of great importance in preventing and treating non-calcified
coronary plaques and ectopic fat depots such as hepatic and pancreatic fat accumulations. ICI
therapy should be considered as a modifier of cardiovascular risk. Patients eligible for ICI
therapy should undergo a comprehensive cardiovascular risk evaluation and optimization of

preventive measures with close monitoring thereafter.
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7 Summary

Cardiovascular diseases and cancer are the leading cause of death worldwide. With
the rising number of cancer survivors, the number of patients with both cardiovascular
disease and cancer is increasing. Therefore, identifying those at high cardiovascular risk has
utmost importance, especially in patients receiving potentially cardiotoxic therapies. During
my PhD studies, my research has focused on cardiovascular risk prediction using computed

tomography-based imaging of atherosclerosis and ectopic fat.

Our study aimed to investigate the magnitude of genetic and environmental impact
on calcified and non-calcified coronary plaque volumes, hepatic lipid accumulation and
pancreatic lipid accumulation among subjects enrolled in a prospective classical twin study.
Moreover, in a retrospective matched cohort study, our goal was to test whether a novel
cancer therapy, immune checkpoint inhibitors, were associated with an increase in

atherosclerotic plaque progression and cardiovascular events.

We have observed that non-calcified plaque volume was predominantly determined
by environmental factors, while calcified plaque volume was influenced mainly by genetics.
The presence of both hepatic and pancreatic lipid accumulation was more determined by
environmental factors than by genetic influences. A 3-fold greater rate of atherosclerotic
plaque progression and a 3-fold higher risk for cardiovascular events was observed in patients

receiving immune checkpoint inhibitor therapy.

These findings suggest that lifestyle may have an important role in the initiation of
coronary artery disease, and genetics may have a stronger effect on calcified plaque
formation. Our results also highlight the importance of environmental factors in hepatic and
pancreatic lipid accumulation. Our work underlines the importance of optimal risk factor
management early in life and provides a rationale to consider treatment with immune

checkpoint therapy as a modifier of cardiovascular risk.
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Association Between Immune Checkpoint
Inhibitors With Cardiovascular Events and

Atherosclerotic Plaque

Editorial, see p 2312; Article, see p 2396

BACKGROUND: Immune checkpoint inhibitors (ICls) treat an expanding
range of cancers. Consistent basic data suggest that these same checkpoints
are critical negative regulators of atherosclerosis. Therefore, our objectives
were to test whether ICls were associated with accelerated atherosclerosis
and a higher risk of atherosclerosis-related cardiovascular events.

METHODS: The study was situated in a single academic medical center.
The primary analysis evaluated whether exposure to an ICl was associated
with atherosclerotic cardiovascular events in 2842 patients and 2842
controls matched by age, a history of cardiovascular events, and cancer
type. In a second design, a case-crossover analysis was performed with
an at-risk period defined as the 2-year period after and the control period
as the 2-year period before treatment. The primary outcome was a
composite of atherosclerotic cardiovascular events (myocardial infarction,
coronary revascularization, and ischemic stroke). Secondary outcomes
included the individual components of the primary outcome. In addition,
in an imaging substudy (n=40), the rate of atherosclerotic plaque
progression was compared from before to after the ICl was started. All
study measures and outcomes were blindly adjudicated.

RESULTS: In the matched cohort study, there was a 3-fold higher risk

for cardiovascular events after starting an ICl (hazard ratio, 3.3 [95% Cl,
2.0-5.5]; P<0.001). There was a similar increase in each of the individual
components of the primary outcome. In the case-crossover, there was also
an increase in cardiovascular events from 1.37 to 6.55 per 100 person-years
at 2 years (adjusted hazard ratio, 4.8 [95% Cl, 3.5-6.5]; P<0.001). In the
imaging study, the rate of progression of total aortic plaque volume was
>3-fold higher with ICls (from 2.1%/y before 6.7 %/y after). This association
between ICl use and increased atherosclerotic plaque progression was
attenuated with concomitant use of statins or corticosteroids.

CONCLUSIONS: Cardiovascular events were higher after initiation of
ICls, potentially mediated by accelerated progression of atherosclerosis.
Optimization of cardiovascular risk factors and increased awareness

of cardiovascular risk before, during, and after treatment should be
considered among patients on an ICl.

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981
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Clinical Perspective

What Is New?

¢ Immune checkpoint inhibitors are associated with a
3-fold higher risk for atherosclerotic cardiovascular
events, including myocardial infarction, coronary
revascularization, and ischemic stroke.

e Immune checkpoint inhibitors are associated with
a >3-fold higher rate of aortic plague progression.

e The increase in aortic atherosclerotic plague was
modified by concomitant statin and corticosteroid
use.

What Are the Clinical Implications?

e Optimization of cardiovascular risk factors before,
during, and after treatment with immune check-
point inhibitors is warranted.

e Increased awareness of atherosclerotic cardiovas-
cular risk during and after treatment with immune
checkpoint inhibitors is needed.

adigm shift in cancer care, leveraging the immune

system to identify and target cancer cells.” The use
of ICls is rapidly expanding. For example, in 2014, ICls
were approved for 3 cancer indications.? By 2020, this
number had increased to >50, and the percentage of
patients with cancer eligible for an ICl has increased
from 1.5% in 2011 to >43.6% .3 The benefit of ICls has
expanded to the adjuvant setting in some malignan-
cies*> and will continue to expand to patients with a
much longer anticipated survival.*

Consistent animal and cellular studies have dem-
onstrated that these immune checkpoints, currently
targeted in approved indications, are critical negative
regulators of atherosclerosis: PD-1 (programmed cell
death protein 1), programmed death ligand 1, and
CTLA-4 (cytotoxic T-lymphocyte—associated protein
4).58 However, there are conflicting clinical and imag-
ing data testing whether ICls, by inhibiting these key
pathways in atherosclerosis, lead to an increase in ath-
erosclerotic plague and atherosclerosis-related cardio-
vascular events.>'2 Given the potentially significant im-
pact on public health, we performed both a matched
cohort study and a case-crossover study to determine
whether the use of ICls leads to an increase in cardio-
vascular events. To provide further insights, we also
tested whether ICls were associated with accelerated
atherosclerotic plagque in a subsample.

Immune checkpoint inhibitors (ICls) represent a par-

METHODS

The data, analytical methods, and study materials will be made
available from the corresponding author on reasonable request
after institutional approval and following institutional process.
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Study Design, Setting, and Population

We chose 2 study designs to examine the association between
ICls and cardiovascular events: a matched cohort study and
a case-crossover study. All individuals treated with an ICl
through the end of March 2019 at a single academic institu-
tion (Massachusetts General Hospital, Boston) were included.
The use of an ICl was derived from a pharmacy database. The
study entry date for the cases was defined as the first date an
ICI was administered. For the matched cohort study, controls
were selected from all patients treated for cancer at our cen-
ter between January 1, 2008, and December 31, 2012. For
the control group, the use of an ICl at any time point was an
exclusion criterion. There were 9793 individual patients with
cancer treated at our institution during that period. Of these,
1250 were excluded because they were treated with an ICl
subsequently. This resulted in a cohort of 8543 patients. From
these, we randomly selected controls in a 1:1 ratio to match
cases for age, a history of cardiovascular events, and cancer
type (Figure 1). The study entry for the controls was their first
visit after January 1, 2008. For the case-crossover design, we
defined the observation period as the interval from 2 years
before to the start of the ICI. We defined the at-risk period as
the 2-year interval after the start of the ICI (Figure | in the Data
Supplement). Covariates were derived from the Research
Patient Data Registry. The study was approved by the Partners
Human Research Committee, and no informed consent was
required. The authors vouch for the completeness and accu-
racy of the data and all analyses.

Procedures

Covariates of interest obtained included patient demograph-
ics, medications, and standard cardiovascular risk factors (eg,
diabetes, hypertension, smoking). Data relevant to cancer
included the cancer type, previous potentially cardiotoxic can-
cer therapies (radiation therapy, 5-fluorouracil, anthracyclines,
and tyrosine kinase inhibitors), and the specific ICl treatments,
including the use of combined immune checkpoint therapy.
Data specific to the ICI cohort also included the number of ICI
cycles, the occurrence of any immune-related adverse event,
and the use of corticosteroids.

Clinical Outcomes

The primary outcome was the occurrence of a cardiovascular
event, defined as a composite of myocardial infarction, cor-
onary revascularization, and ischemic stroke. The individual
components of these were prespecified as key separate sec-
ondary outcomes. Events were initially identified from individ-
ual chart review of all records with a broad key word search,
and then all potential clinical events were independently adju-
dicated by a study team blinded to all other data and using
standard definitions (Document | in the Data Supplement,
Key Words and Definitions Used for Each of the Adjudicated
Clinical Events).>-1®

Imaging Study

We performed an imaging substudy in which we measured
the thoracic atherosclerotic plaque burden over time among
patients with melanoma who were treated with an ICI.

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981
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Patients treated with immune checkpoint inhibitor therapy at
Massachusetts General Hospital until 3/31/2019
N =2854

Cancer patients at Massachusetts General Hospital between
1/1/2008 and 1/1/2012
N =9793

12 excluded due to
unavailable data

r

1250 excluded due to
> immune checkpoint
treatment

1:1 matching based on age, history of cardiovascular events and cancer type
2842 cases
2842 controls

A

y

Individual chart review performed
to identify cardiovascular events

A4

A 4

Case-crossover design
N =2842

Matched cohort design
N = 5684

Figure 1. Flow diagram.

Melanoma was chosen as the population for the substudy as
it was one of the most common cancer seen in our study, ICls
are frequently used,'® and these therapies have had a marked
impact on cancer outcomes.*'® Studies were performed as
part of their routine clinical care for cancer staging. Thoracic
aortic plague volume was measured from these studies in
a standardized fashion in a core laboratory by investigators
blinded to all other study variables, including treatment sta-
tus and sequence of imaging studies. The plaque volume was
assessed on a limited field of view that excluded the surround-
ing nonvascular structures. The full analysis protocol, accu-
racy, and reproducibility of these methods have been reported
by our group previously (Figure Il and Ill and Document Il in
the Data Supplement).”™'*"7 This volumetric plague assess-
ment technique has demonstrated excellent intraobserver
and interobserver, as well as interscan, reproducibilities.'®-2°
In brief, total and noncalcified thoracic aortic plague volumes
were measured on all 3 contrast computed tomography scans
with dedicated software (QAngioCT, version 3.1.4.2, Medis
Medical Imaging Systems, Leiden, the Netherlands).?! Relative
plaque volume measures were assessed as percent of total
segment volume. Plaque change was calculated as the differ-
ence in plaque volume measured on 2 consecutive scans (ie,
scan 2-scan 1 and scan 1-scan 0). Annualized plaque pro-
gression rate was computed as plaque change per year given
in absolute and relative rates (cubic millimeters and percent).

Statistical Analysis

Descriptive statistics were used to assess the distribution of
variables; continuous variables were summarized as mean

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981

with SD or medians with interquartile ranges, and categorical
variables were summarized as counts and percentages. In the
matched cohort study, controls were matched 1:1 on the basis
of age, a history of cardiovascular events, and cancer type. In
the matched cohort and case-crossover designs, Cox propor-
tional hazard regression analysis was performed to calculate
hazard ratios (HRs) with 95% Cls, counting only the first car-
diovascular event. Two approaches were applied. In the first,
a parsimonious multivariable Cox proportional hazard model
was performed, including known cardiovascular risk factors
(model 1). In a second approach, a forward stepwise selec-
tion was used; clinically relevant unique predictor variables
with a value of P<0.10 in univariable analysis were entered
into the final multivariable model (model 2). The incremen-
tal value between steps was measured by the likelihood-ratio
test. The proportional hazard assumption was tested with the
use of log-log plots and examination of Schoenfeld residuals.
We performed subgroup analyses of HRs by sex, age (<65
years versus =65 years), body mass index (<30 kg/m? versus
>30 kg/m?), a history of cardiovascular events, hypertension,
diabetes, statin use, melanoma, and lung cancer. We evalu-
ated the presence of interactions in these subgroups, and HRs
stratified by these subgroups were compared with the %2 test.
In the case-crossover analysis,?>?* Cox proportional hazard
regression analyses were performed with calculation of 100
person-years and an HR adjusted for age. We compared ath-
erosclerotic cardiovascular events in the 2-year period before
and the 2-year period after the start of the ICl. We used
Poisson regression during the 2-year periods before and after
ICl and calculated incidence rate ratio with the outcome vari-
able as a count variable including all events (first event and the
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events that occurred subsequently after the first event during
the follow-up period). In addition, we tested a narrower risk
period (1 year before and 1 year after) and performed sensi-
tivity analyses excluding patients who died within 60 days of
the cardiovascular event. In the imaging substudy, the primary
outcome of interest was the change in total plaque volume
over time in patients from before to after ICI. The second-
ary imaging outcome was the change in noncalcified plague
volume. The annualized rate of change in plaque volume
was compared from before to after ICI using the Wilcoxon
signed-rank test. We performed analyses of plaque progres-
sion in prespecified subgroups defined by statin use and the
use of corticosteroids during ICI therapy. All statistical tests
were 2 tailed, and values of P<0.05 were considered to indi-
cate statistical significance. Analyses were performed with
SAS software, version 9.4 (SAS Institute, Cary, NC) and STATA
software, version 15.1 (StataCorp, College Station, Texas).

RESULTS

Patient Demographics, Comorbidities,
and Cancer Data

Baseline demographics and clinical characteristics are
summarized in Table 1. Baseline laboratory values are
summarized in Table | in the Data Supplement. Overall,
cases and controls were not different with respect to
age, type of cancer, and history of any cardiovascular
event. Non-small cell lung cancer (28.8%) and mela-
noma (27.9%) were the most common types of can-
cer. Controls had higher rates of hypertension (53.5%
versus 49.2%; P=0.001) and diabetes (18.2% versus
15.7%; P=0.014). Controls were more likely female
(46.9% versus 42.6%; P=0.001). The use of statins was
not different between cases and controls (26.0% ver-
sus 27.7%; P=0.17). Among the cases, PD-1 inhibitor
therapy was the most commonly prescribed (75.3%),
and cases had a median of 5 cycles of the ICI admin-
istered. Overall, 43.2% of the cases had an immune-
related adverse event, and 26.9% were treated with
corticosteroids, 62.2% of those with immune-related
adverse events.

Primary and Secondary Outcomes

Demographic, clinical, and cancer-related variables
were included in a univariable Cox proportional haz-
ard model (Table Il in the Data Supplement). The use
of an ICl was associated with a >4-fold increase in the
risk for a composite cardiovascular event (univariable
HR, 4.7 [95% Cl, 3.5-6.2]; P<0.001). For the individ-
ual outcomes, similar results were found (Figure 2) in
which the use of an ICl was associated with a higher
risk for myocardial infarction (univariable HR, 7.2 [95%
Cl, 4.5-11.5;] P<0.001), a 3-fold increase in the risk for
coronary revascularization (univariable HR, 3.0 [95%
Cl, 1.9-4.8]; P<0.001), and a 4-fold increase in the risk
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for ischemic stroke (univariable HR, 4.6 [95% Cl, 2.9-
7.2]; P<0.001). Kaplan-Meier curves of the cumulative
hazard in cases and controls of the composite and in-
dividual component outcomes and the event rates at 3
years are shown in Figure 2.

In a parsimonious multivariable model, which includ-
ed known cardiovascular risk factors (male sex, age,
body mass index, hypertension, diabetes, chronic kid-
ney disease, smoking, history of a cardiovascular event,
statin use, aspirin use, hemoglobin, and low-density
lipoprotein), the use of an ICl was associated with a
3-fold increase in the risk for a composite cardiovas-
cular event (multivariable HR, 3.3 [95% Cl| 2.0-5.5];
P<0.001; Table 2, model 1). In a second approach, the
variables, identified as P<0.1 in the univariable Cox
model, were entered into a multivariable model. In this
model, the use of an ICI was associated with a 4-fold
increase in the risk for a composite cardiovascular event
(multivariable HR, 4.5 [95% Cl, 3.3-6.1]; P<0.001; Ta-
ble 2, model 2).

In the case-crossover study, the number of patients
who had an event and the cumulative number of car-
diovascular events were compared only among the
2842 patients who were treated with an ICI. Overall,
among the 2842 patients who were treated with an
ICl, 119 patients had a cardiovascular event during the
2-year period after starting an ICl compared with 66
patients in the 2-year period before starting an ICl, a
4-fold increase from 1.37 to 6.55 per 100 person-years
(adjusted HR, 4.8 [95% Cl, 3.5-6.5]; P<0.001; Table 3).
In the case-crossover study, there was also an increase
in each of the individual components of the primary
outcome (Figure 3 and Table 3). The total numbers of
events in the risk and control periods in the case-cross-
over study were also compared. Among the 2842 pa-
tients treated with an ICI, there were 139 events among
the 119 patients during the 2-year period after ICl. In
comparison, in the same cohort of 2842 patients, who
subsequently were treated with an ICl, there were 78
events among the 66 patients during the 2-year period
before ICI (incidence rate ratio, 1.8 [95% Cl, 1.4-2.4];
P<0.001). Similar findings were also noted when the
risk period and control period were restricted to 1 year
before and 1 year after ICl (Figure 3 and Table Il in the
Data Supplement), and findings of a higher risk for ath-
erosclerotic cardiovascular event with an ICl persisted
after the exclusion of individuals who died within 60
days of the event (Table IV in the Data Supplement).

Subgroup Analyses

In the subgroup analyses, a significant interaction
was noted between baseline hypertension and ICl use
(P=0.003; Figure IV in the Data Supplement) in which
the relative risk for a cardiovascular event was higher
among patients without hypertension compared with

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981
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Table 1. Baseline Characteristics of Patients Treated With ICIs and Controls
‘ Cases Controls P value

Demographics

Patients, n ‘ 2842 2842

Sex, n (%)

Male 1631 (57.4) 1509 (53.1) 0.001
Female 1211 (42.6) 1333 (46.9) 0.001

Age, mean (SD), y 64 (13) 64 (13) 0.14

Age, median. (IQR), y 66 (57-74) 65 (55-74) 0.11
Race or ethnic group, n (%) <0.001

White 2479/2704 (91.7) 2851/2748 (93.9)

Asian 96/2704 (3.6) 43/2748 (1.6)

Black or African American 57/2704 (2.1) 64/2748 (2.3)

Hispanic 29/2704 (1.1) 40/2748 (1.5)

Other 43/2704 (1.6) 20/2748 (0.7)
Clinical variables, mean (SD)

Body mass index, kg/m? 27.0 (6.4) 27.6(5.7) <0.001

Systolic blood pressure, mmHg 127.6 (18.6) 127.6 (16.9) 0.93
Cardiovascular risk factors, n (%)

Hypertension 1356/2756 (49.2) 1518/2837 (53.5) 0.001

Diabetes 433/2756 (15.7) 517/2837 (18.2) 0.014

Smoking, current or previous 429/2756 (15.6) 405/2837 (14.3) 0.19

Hyperlipidemia 840/2756 (30.5) 1048/2837 (36.9) <0.001
Cardiovascular diagnoses, n (%)

History of any cardiovascular event 322/2842 (11.3) 357/2842 (12.6) 0.16

History of myocardial infarction 136/2842 (4.8) 167/2842 (5.9) 0.077

History of coronary revascularization 195/2842 (6.9) 230/2842 (8.1) 0.078

History of ischemic stroke 82/2842 (2.9) 101/2842 (3.6) 0.18
Cardiovascular medications, n (%)

Angiotensin-converting enzyme inhibitor or | 612/2704 (22.6) 647/2423 (26.7) <0.001

angiotensin Il receptor blocker

{3-Blockers 628/2704 (23.2) 798/2423 (32.9) <0.001

Calcium channel blockers 396/2704 (14.6) 360/2423 (14.9) 0.86

Statins 704/2704 (26.0) 672/2423 (27.7) 0.17

Nonstatin dyslipidemia therapies 65/2704 (2.4) 122/2423 (5.0) <0.001

Aspirin 578/2704 (21.4) 603/2423 (24.9) 0.003

Other antiplatelet therapies 66/2704 (2.4) 98/2423 (4.0) 0.001
Other medical comorbidities, n (%)

Chronic obstructive pulmonary disease 285/2756 (10.3) 169/2837 (6.0) <0.001

Chronic kidney disease 327/2756 (11.9) 326/2837 (11.5) 0.69
Cancer types, n (%)

Non-small cell lung 819/2842 (28.8) 819/2842 (28.8)

Melanoma 794/2842 (27.9) 794/2842 (27.9)

Head and neck 344/2842 (12.1) 344/2842 (12.1)

Renal and genitourinary 182/2842 (6.4) 182/2842 (6.4)

Breast 119/2842 (4.2) 119/2842 (4.2)

Gastrointestinal 116/2842 (4.1) 116/2842 (4.1)

Gynecological 110/2842 (3.9) 110/2842 (3.9)

(Continued)
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Table 1. Continued
Cases Controls P value
Lymphoma 82/2842 (2.9) 82/2842 (2.9)
Hepatobiliary 101/2842 (3.6) 101/2842 (3.6)
Pancreatic 37/2842 (1.3) 37/2842 (1.3)
Other 138/2842 (4.9) 138/2842 (4.9)
Previous potentially cardiotoxic cancer therapies, n (%)
Radiation therapy 572/2756 (20.8) 287/2837 (10.1) <0.001
5-Fluorouracil 284/2723 (10.4) 151/2710 (5.6) <0.001
Anthracyclines 151/2723 (5.5) 153/2710 (5.6) 0.92
Tyrosine kinase inhibitors 61/2723 (2.2) 59/2710 (2.2) 0.95

ICl type, n (%)

Monotherapy

Programmed death ligand-1

283/2842 (10.0)

CTLA-4

221/2842 (7.8)

PD-1

2141/2842 (75.3)

CTLA-4 or PD-1

2/2842 (0.1)

Combination therapy

CTLA-4/PD-1

195/2842 (6.9)

Cycles of ICI, n (IQR)

5(2-11)

Immune-mediated adverse events after ICl start

Gastrointestinal

500/2748 (18.2)

Skin 429/2748 (15.6)
Pulmonary 189/2748 (6.9)
Hepatic 179/2748 (6.5)
Endocrine 175/2748 (6.4)
Renal 120/2748 (4.4)

Neuromuscular

98/2748 (3.6)

Pancreas

61/2748 (2.2)

Any of the above adverse events

1186/2748 (43.2)

Immune-mediated adverse events treated with steroids, n (%)

Among the entire cohort

738/2748 (26.9)

Among those with immune-mediated
adverse events

738/1186 (62.2)

CTLA-4 indicates cytotoxic-T-lymphocyte-associated protein 4; ICl, immune checkpoint inhibitor; IQR, interquartile range; and PD-1,

programmed cell death protein 1.

patients with hypertension (HR, 10.7 [95% Cl, 6.1-
18.8] versus HR, 3.4 [95% Cl, 2.4-4.9]). There was
no relative difference in the risk for a cardiovascular
event between males and females, those <65 years
versus =65 years of age, and those with a body mass
index <30 versus =30 kg/m?, a history of cardiovascular
events, baseline diabetes, statin use, or a diagnosis of
melanoma or lung cancer.

Imaging Substudy

The imaging study cohort included 40 patients with
melanoma with computed tomography performed at
3 time points (Figure Il in the Data Supplement). The
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clinical characteristics of the patients in the imaging
substudy, apart from cancer type, were not different
from those of the main study cohort (Table V in the
Data Supplement). The presence of cardiovascular risk
factors except for age, clinical variables, and the use
of cardiac medications remained relatively constant
throughout the study period (Table VI in the Data Sup-
plement). There was an increase in the total and noncal-
cified plague volumes over the duration of the 3 scans
(Table VII in the Data Supplement). The progression
rate, adjusted for the study interval, was greater in the
period after ICI compared with before ICI for both to-
tal (P=0.02) and noncalcified plaque (P=0.02; Table 4).
Specifically, the rate of total plaque volume progression

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981



1202 ‘€1 aunf uo Aq 310 s[eurnoleyey/:dny woij papeojumo

Drobni et al ICls, Atherosclerosis, and Cardiovascular Events
C Myocardial infarction
0.20 | = Immune checkpoint inhibitor 0.20 | — Immune checkpoint inhibitor
—— No immune checkpoint inhibitor 5.35 events/ —— No immune checkpoint inhibitor
© 016 100 person years 0.16
<] HR 4.68, 95% Cl: 3.52 - 6.23 .E HR 7.16, 95% CI: 4.46 - 11.48
T 0.12 | Logrank P <0.001 £ 012 | Log-rankP<0.001
H H 2.49 events/
lj 0.08 § 0.08 100 person years
5 0.08 1.02 events/ E
X © 0.
100 person years 0.04 0.33 events/
0.00 0.00 100 person years
0 6 12 18 24 30 36 [} 6 12 18 24 30 36
Months Months
No. at Risk No. at Risk
Immune checkpoint Immune checkpoint
inhibitor 2842 1465 810 564 402 287 203 Inhibitoe 2842 1474 827 577 416 300 213
No immune checkpoint No immune checkpoint
Inhibitor 2842 2425 2197 2050 1908 1779 1670 Inhibléor 2842 2435 2210 2070 1933 1804 1699
Coronary revascularization Ischemic stroke
0.20 | — Immune checkpoint inhibitor 0.20 | — Immune checkpoint inhibitor
——— No immune checkpoint inhibitor ——— No immune checkpoint inhibitor
© 016 B 016
E HR 2.98, 95% Cl: 1.87 -4.75 s HR 4.59, 95% Cl: 2.94 - 7.16
% 0.12 | Log-rank P <0.001 % 0.12 | Log-rank P <0.001
2 2
5 .08 1.59 events/ E o008 2.08 events/
E 100 person years £ 100 person years
S 0.04 3 o.04
0.46 events/ 0.38 events/
0.00 100 person years 0.00 100 person years
[} 6 12 18 24 30 36 [} 6 12 18 24 30 36
Months Months
No. at Risk No. at Risk
[ heckpoint Immune checkpoint
lrv;‘rlv:‘r;e' checkpoin 2842 1480 827 575 416 300 213 inhibitor 2842 1484 822 575 a18 299 212
No immune checkpoint No immune checkpoint
Tohibitor 2842 2430 2202 2060 1920 1795 1688 Inhibitor 2842 2435 2210 2067 1928 179% 1691

Figure 2. Kaplan-Meier curves of the cumulative hazard for atherosclerotic cardiovascular events.
A, Cumulative hazard for the composite cardiovascular outcome. B-D, Individual components of the primary outcome. Cases (those treated with an immune
checkpoint inhibitor [ICI]) are marked with red; controls (not treated with an ICI) are marked with blue. HR indicates hazard ratio.

increased 3-fold from 2.1%/y before to 6.7%/y after
ICI. The rate of noncalcified plaque also increased af-
ter ICls (Table VIl in the Data Supplement). In strati-
fied analysis, compared with statin nonusers, those on
statins (n=18) showed a 3.1% absolute lower rate of
plaque progression each year of total aortic plaque vol-
ume (5.2% versus 8.3%, P=0.04) and a 3.9% absolute
lower vyearly rate of noncalcified plague progression
(3.1% versus 7.0%; P=0.04; Table 5). Similarly, among
patients who were prescribed corticosteroids during
checkpoint therapy, there was a lower rate of plaque
progression among those on corticosteroids (Table 5);
specifically, the rate of noncalcified plaque progression
was 3.5%/y among those prescribed a corticosteroid
compared with a rate of progression of 6.9%/y among
those not prescribed a corticosteroid (total plaque vol-
ume, P=0.04).

DISCUSSION

The rate of atherosclerotic cardiovascular events was
higher after an ICl was started. In a matched cohort
study, ICl treatment was associated with a 3-fold higher
risk for atherosclerotic cardiovascular events compared
with cancer patients who did not have ICI. Similar find-
ings of a higher risk for atherosclerotic cardiovascular

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981

events were noted in a case-crossover study. In an im-
aging substudy, there was a >3-fold increase in the rate
of atherosclerotic plague progression after the initiation
of ICI therapy. The association with increased athero-
sclerotic plague was attenuated in patients with con-
comitant use of statins or corticosteroids, who had an
~50% reduction in plaque progression compared with
those not on statins or corticosteroids. Overall, these
data suggest that patients treated with an ICl are at a
higher risk for atherosclerotic cardiovascular events and
that this risk is potentially mediated through acceler-
ated atherosclerosis progression but may be modifiable.
Our findings are important both for patients for whom
ICls are currently indicated and perhaps more so for the
expanding pool of patients who are candidates for ad-
juvant and neoadjuvant therapy.

Data on the cardiac toxicities of ICls have related
principally to the development of myocarditis?*?°;
small cohort studies have suggested that myocarditis
is an uncommon but potentially fatal complication.?’=
A limited number of previous studies have tested the
association between ICls and atherosclerotic cardio-
vascular disease. In a single-center case-control studies
with 135 subjects, a single cancer type (non-small cell
lung cancer), and a 6-month follow-up period, there
were no increases in cardiovascular death, nonfatal
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Table 2. Multivariable Cox Proportional Hazard Model Results of the Composite Cardiovascular
Outcome (Myocardial Infarction, Revascularization, Ischemic Stroke)

Multivariable model 1
ICls 3.31 1.99 5.51 <0.001
Male sex 1.71 1.14 2.54 0.009
Age 1.04 1.02 1.06 <0.001
Body mass index 1.03 1.00 1.06 0.076
Hypertension 0.89 0.53 1.51 0.67
Diabetes 1.41 0.96 2.07 0.082
Chronic kidney disease 0.93 0.60 1.44 0.75
Smoking, current or previous 1.27 0.83 1.95 0.27
History of any cardiovascular event 2.14 1.39 3.29 0.001
Statins 0.72 0.48 1.09 0.12
Aspirin 1.14 0.76 1.69 0.53
Hemoglobin 0.88 0.79 0.98 0.023
Low-density lipoprotein 1.00 0.99 1.00 0.68
Multivariable model 2

ICls 4.50 3.30 6.13 <0.001
Age 1.03 1.02 1.04 <0.001
History of any cardiovascular event 2.19 1.63 2.94 <0.001
Diabetes 1.42 1.07 1.87 0.01
Systolic blood pressure 1.01 1.00 1.02 0.01
Non-small cell lung cancer 1.54 1.19 2.01 <0.001
Previous radiation therapy 1.54 1.13 2.09 0.01
Male sex 1.29 1.00 1.66 0.05

ICl indicates immune checkpoint inhibitor; and HR, hazard ratio.

myocardial infarction, nonfatal stroke, and hospitaliza-
tion for heart failure with ICls (HR, 1.2 [95% ClI 0.6—
2.4]; P=0.66).'? Similarly, in a study of 92 patients with
non—small cell lung cancer, there was no increase in
venous and arterial vascular events (pulmonary emboli,
deep vein thrombosis, cerebrovascular accident, tran-
sient ischemic attack, and acute coronary syndrome)
compared with patients being treated with cytotoxic

Table 3.
Cardiovascular Events

chemotherapy.’® In contrast, in a pooled analysis of 59
oncological trials submitted to the US Food and Drug
Administration for approval (sample size, 21664),
compared with traditional cytotoxic chemotherapies,
there was a 35% (95% Cl, 0.76-2.4) increase in coro-
nary ischemia (defined with Medical Dictionary for
Regulatory Activities Terminology) over 6 months of
follow-up among patients on an ICI."" Similarly, in a

Number of Patients With an Event and Number of Events, Rate per 100 Person-Years From Our Cohort of 2842 Cases, and HR for

Patients with cardiovascular 66 (2.32) 1.37 119 (4.2) 6.55 4.78 (3.50-6.53) <0.001
events

Myocardial infarction 27 (0.95) 0.48 58 (2.04) 2.73 4.84 (2.76-8.09) <0.001
Coronary revascularization 25(0.87) 0.44 36 (1.26) 1.70 3.18 (1.46-6.10) <0.001
Ischemic stroke 26 (0.91) 0.46 45 (1.58) 2.12 2.97 (1.41-5.53) <0.001

Cardiovascular events are compared for the 2-year period before immune checkpoint inhibitor and 2-year period after immune checkpoint inhibitor. ICI indicates
immune checkpoint inhibitor; and HR, hazard ratio.
*Cox proportional hazard model

2306 December 15, 2020 Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981



1202 ‘€1 aunf uo Aq 310 s[eurnoleyey/:dny woij papeojumo

Drobni et al

ICls, Atherosclerosis, and Cardiovascular Events

DOI:10.14753/SE.2022.2580
Panel A
o 7
®©
g 6
g 5 1.37 vs. 6.55
g 4
by 0.48vs.2.73 0.46 vs. 2.12
S 3 0.44 vs. 1.70
-
@
g 2
2
c 1
>
w 0 5 X N Figure 3. Cardiovascular events in the case-
Cornposute Myocardial Coronary Ischemic crossover study.
cardiovascular infarction revascularization stroke A, Composite cardiovascular outcomes in the
outcome 2-year periods before and after immune check-

H Pre-immune checkpoint inhibitor

Panel B

4

g 6

2 “1

s 5 1.52 vs. 5.55

w

S

g 4

Q. 0.58 vs. 2.38

S 3

:n 0.46 vs. 1.41

o

g 2

(7]

t 1

o

& 0
Composite Myocardial Coronary
cardiovascular infarction  revascularization
outcome

B Pre-immune checkpoint inhibitor B Post-immune chec

M Post-immune checkpoint inhibitor

0.74 vs. 2.25

point inhibitor (ICI). Cardiovascular event rates
per 100 person-years from the 2 years before the
start of an ICl to 2 years after starting an ICl are
included. Individual components of the primary
outcome are also shown. B, Composite cardio-
vascular outcomes in the 1-year period before
and after ICI.

Ischemic
stroke

kpoint inhibitor

large retrospective meta-analysis including >20000
ICl-treated patients, 9.8% of treatment-related deaths
were from cardiovascular events, including heart fail-
ure, myocardial infarction, and the development of a
cardiomyopathy.?? Consistent with previous studies in
patients with cancer,*® we also found that older age,
diabetes, ICl use, higher blood pressure, male sex, pre-
vious radiation treatment, and a history of a cardiovas-
cular event all increased the risk for a composite cardio-
vascular event. Combined with our data, these studies
suggest a higher rate of atherosclerotic cardiovascular
events with ICls. For comparison, the event rate noted

in this study (5%/y) is higher than the event rate noted
in patients presenting with chest pain (0.7%!/y),"* in
patients at risk of cardiovascular events (=0.3%/y),
and in other at-risk populations in whom immune acti-
vation and inflammation play a key role (eg, individuals
with HIV, =0.5%/y).3

Progression of atherosclerotic plaque is a robust predic-
tor of atherosclerotic cardiovascular events and an estab-
lished outcome measure for randomized clinical trials.?¢-®
Our imaging substudy supports the biological plausibil-
ity of our clinical observations by demonstrating an as-
sociation between ICl use and accelerated progression

Table 4. Absolute and Relative Change in Thoracic Atherosclerotic Plaque Volume From Before Starting an ICl (Scan 0-Scan 1) to After Starting an

ICI (Scan 1 to Scan 2)

Change Indexed change per year Plaque volume Scan 0-scan 1 Scan 1-scan 2 P value*

Absolute change Indexed change per year, Total plague volume 13.8 (=240 to 122) 103 (0to 511) 0.02
mmfy Noncalcified plagque volume -18.2 (=274 t0 57) 53 (0 to 382) 0.02

Relative change Indexed change per year, Total plague volume 2.1(-13.0t0 18.6) 6.7 (2.2 t0 28.1) 0.17
ly Noncalcified plagque volume -2.3(-14.0t012.7) 5.3(1.4t040.1) 0.14

Values are median (interquartile range). ICl indicates immune checkpoint inhibitor.

*Wilcoxon signed-rank test comparing annual rate of progression in plague volume from scan 0 to scan 1 and from scan 1 to scan 2. Relative change is the

change in plaque volume per year.

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981
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Table 5. Subgroup Analysis of the Change in Plaque Volume After Starting an ICI by Statin and Corticosteroid Use
Plague measure, median (IQR) ‘ Drug, yes ‘ Drug, no P value
Statin
Total aortic plaque volume
Before ICI, mm? 1903 (1038 to 2661) 1281 (358 to 2691) 0.38
After ICI, mm? 2214 (1730 to 4090) 1644 (588 to 4211) 0.32
Absolute change in total plaque, mm3/y 79.2 (0 to 524) 115 (0 to 509) 0.001
Relative change in total plaque volume, %/y 5.2 (0.6 t0 23.7) 8.3(4.7t042.5) 0.04
Noncalcified aortic plaque volume
Before ICI, mm? 1233 (956 to 1835) 998 (353 to 2663) 0.68
After ICI, mm? 1781 (1180 to 3517) 1631 (576 to 3652) 0.62
Absolute change in noncalcified plaque, mm?/y 45.3 (-38 to 387) 69.5 (0 to 377) 0.002
Relative change in noncalcified plague volume, %/y 3.1% (-2.3t0 30.4) 7.0% (2.6 to 43.6) 0.04
Corticosteroid
Total aortic plaque volume
Before ICI, mm? 1687 (751 to 2661) 1281 (655, 2691) 0.65
After ICI, mm? 2161 (690 to 4090) 2214 (1193, 6165) 0.77
Absolute change in plague, mm?3/y 61.8 (-52.8 t0 451) 278 (38.0 to 524) 0.02
Relative change in total plaque volume, %/y 5.9% (-2.2 10 30.2) 7.4% (4.7 t0 21.0) 0.04
Noncalcified aortic plaque volume
Before ICI, mm? 998 (530 to 1835) 1278 (654 to 2663) 0.71
After ICI, mm? 1548 (576 to 2750) 1968 (1180 to 5029) 0.28
Absolute change in noncalcified plaque volume, 42.9 (-84.0 to 290) 80.3 (37.5 to 494) 0.02
mm3/y
Relative change in noncalcified plague volume, %/y 3.5(-11.3t043.4) 6.8 (3.11t022.3) 0.04

ICl indicates immune checkpoint inhibitor; and IQR, interquartile range.

of atherosclerosis. The rate of plaque progression in our
study (annually 6.7%) is nearly 3 times higher than that
reported in patients with subclinical (2.4%/y)* and clini-
cal (0.5-1.3%/y) cardiovascular disease.”’ Thus, the ac-
celeration in atherosclerosis is substantial after an ICl and
may be one mechanism by which there is an increase in
incident cardiovascular events. However, there are other
potential mechanisms by which ICls can accelerate ath-
erosclerosis. These other mechanisms in particular include
vasculitis and focal myocarditis misdiagnosed as acute
myocardial infarction." All diagnosed myocarditis cases
were not included in the analysis, but myocarditis remains
a difficult diagnosis,**** and not all patients underwent
a coronary angiogram, so vasculitis remains a possibility.
However, the potential for ICl to accelerate atherosclero-
sis is strongly supported by animal and cellular models, in
which the same immune checkpoints being targeted for
cancer are established negative regulators of atheroscle-
rosis.6&444> For example, the PD-1/programmed death li-
gand 1 pathway downregulates the proatherogenic T-cell
response, and mice lacking programmed death ligand 1
had a 3-fold increase in atherosclerotic plagque with an
associated increase in T cells and macrophages.®** In ad-
dition, PD-1-deficient myeloid progenitors upregulate
genes involved in cholesterol synthesis and uptake and

2308 December 15,2020

downregulate genes promoting cholesterol metabolism,
cumulatively leading to markedly increased cellular cho-
lesterol levels.” This latter finding is of particular relevance
because statin use in our study was associated with re-
duced progression of atherosclerotic plaque after ICls (an-
nual progression rate of total plague volume, 5.2% on
statin versus 8.3% not on statin; P=0.04). However, we
did not find an association between statin use and cardio-
vascular events in our clinical study. This analysis testing
the association with statin therapy on clinical outcomes
may have been confounded by indication, with patients
on a statin being at a higher baseline risk for events. We
observed a similar trend for reduced atherosclerotic plaque
in patients receiving corticosteroids. However, these latter
findings should be interpreted with caution because the
mechanisms involved are less clear; corticosteroids may
increase blood sugar and blood pressure and lead to lipid
abnormalities, and the association between corticoste-
roids and overall cancer outcomes is unclear.*® Moreover,
although this observation may be related to the potential
anti-inflammatory association with corticosteroids, it may
also be cofounded by the indication for corticosteroids
(immune mediated adverse events) for which an ICl may
be held or stopped if the adverse event is severe.

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981
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The primary limitation of our study is the retrospective
nature of the study at a single center and the presence
of missing data. However, our cohort of patients on ICl
is >20 times larger than in any previous publication, the
number of events was substantial, and the directionality
of our findings is supported by previous smaller studies,
overall providing much improved statistical power and
thus confidence in our findings. Advantages and limita-
tions relate to the use of the matched cohort and case-
crossover designs,*”4® and using these 2 designs together
may remove the potential fixed and time-varying con-
founding effects of specific cardiovascular risk factors or
age. In addition, the risk of a cardiovascular event would
not be expected to change 3-fold over a period of 2 to
4 years, and our results were consistent regardless of the
analytical strategy. This was a retrospective study, and it
is possible that several unmeasured residual confound-
ers remain that may have influenced the association be-
tween ICl use and vascular events. These include physical
activity, family history, and other active inflammatory ICI-
related diseases such as a thyroid disease. An important
limitation is that it is difficult to control for other variables
that may change over time in a patient with cancer and
that may also affect cardiovascular risk; however, we did
not find significant changes over the study period in clini-
cal variables (eg, blood pressure) or cardiovascular medi-
cation use in either the clinical or the imaging cohort. A
limitation of this study design is whether the exposure
to an ICl was altered by a previous cardiovascular event.
However, previous cardiovascular disease is not a contra-
indication to ICl use*® and is not an exclusion from most
of clinical trials testing the efficacy of ICI,*16505" and until
this publication, the potential for an association between
cardiovascular events and ICls was not established. In ad-
dition, it should be noted that the median number of
cycles of ICls was between 4 and 5, and cycles are ad-
ministered every 2 to 3 weeks, whereas the risk period
was longer at 2 years for the primary analysis and 1 year
for the secondary analysis. Combination ICI therapy has
been associated with a higher risk for myocarditis. In this
study, there was no association between combination IC|
use and atherosclerotic cardiovascular events; however,
only 6.9% of the patients were treated with combina-
tion ICls, thus limiting the interpretation of this negative
finding. ICls are associated with an increase in inflamma-
tion. However, routine measures of inflammation such as
measures of cytokines and C-reactive protein were not
performed and would be affected by the presence and
trajectory of cancer; thus, we are unable to test the as-
sociation between inflammation secondary to ICls and
atherosclerosis or atherosclerosis-related events. We did
measure other related markers such as the white blood
cell count, neutrophil count, and lymphocyte count and
found no difference between those with and those with-
out events and no change over time. We also considered
whether the increase in the event rate may have reflected

Circulation. 2020;142:2299-2311. DOI: 10.1161/CIRCULATIONAHA.120.049981

a change in the goals of treatment after a major vascu-
lar event among patients with predominately late-stage
cancer, specifically whether late-stage cancer influenced
the treatment decisions after a major vascular event and
led to a shorter follow-up period and a higher rate of
events. For example, there was a significantly higher rate
of myocardial infarction compared with the modest in-
crease in coronary revascularization. Whether the relative
risk of an event would be as high in patients with early-
stage cancer with a longer cancer-related survival is less
clear and will need to be studied in future cohorts.

Conclusions

In this study, there was a higher rate of cardiovascular
events after an ICl was started. The study provides ad-
ditional biological plausibility of the clinical findings by
finding greater atherosclerotic plaque progression after
an ICl was started, and we provide initial data suggest-
ing that this effect can be modified. Taken together,
these data provide a rationale to consider an approach
treating immune checkpoint therapy as a modifier of
cardiovascular risk and suggest that candidates for ICl
therapy should undergo a comprehensive cardiovascu-
lar risk evaluation and optimization of preventive medi-
cal therapy with close monitoring thereafter.
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A koronaria-CT-angiografia jelentosége
a mindennapi gyakorlatban stabil anginas
betegek korében
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A kardiovaszkularis megbetegedések vilagszerte vezetik a mortalitasi és morbiditasi statisztikakat. A nagy kockazatu
betegek korai azonositasa kiemelt jelentéséggel bir.

A koronaria-CT-angiografia (CTA) egyre jelentésebb szerepet tlt be a stabil anginas betegek kivizsgalasaban. Kivalo
negativ prediktiv értékének kdszdnhetéen f6 indikacios terllete a kis és kdzepes kardiovaszkularis rizikdval rendelkezé
betegek esetén a koszoruér-betegseg jelenlétének kizarasa.

A sziv-CT-vizsgalat soran, a nativ felvételeken meghatarozhatjuk a kalcium-score értékét, amely kivalo fiiggetlen pre-
diktora a kardiovaszkularis eseményeknek. A koronaria-CTA-felvételek pedig lehetévé teszik a lumen és a koronaria
plakkok abrazolasat, amely segitségével a lumensziikiletek és a koszoruérplakkok mennyisége nagy pontossaggal
meghatarozhatok.

A betegség jelentlétének kizarasa, vagy a korondria-betegség kiterjedtségének meghatarozasa fontos szereppel bir a
mellkasi panaszokkal rendelkez6 betegek vizsgalataban.

Az 6sszefoglaldban kitériink a kiilénb6zé nemzetkozi ajanlasokban fellelheté kilonbségekre. Az elkovetkezé néhany
évben a koronaria-CTA-vizsgalatok szama nagy valdszinliséggel jelentésen emelkedik majd és tovabb erésodik az
invaziv angiografia vizsgalatot megel6z6 ,kapudr” szerepe.

Kulcsszavak: koronaria-CT-angiografia, stabil angina, kalcium-score, ateroszklerotikus plakk

The role of Coronary CT angiography in patients with stable angina, in the rutine clinical practice
Cardiovascular diseases are the leading cause of mortality and morbidity worldwide. Coronary CT angiography (coro-
nary CTA) is a robust non-invasive diagnostic tool in the work up of patients with stable angina. With its high negative
predictive value, coronary CTA is and excellent tool to rule out the presence of coronary artery disease in patients with
low to intermediate risk.

Ca-score can be assesed on ECG-gated native cardiac scans and it provides an excellent independent tool for prog-
nostication. The coronary lumen and wall can be visualized by coronary CTA, which allows for plaque characterization
and quantification.

Coronary CTA has an important role to guide management strategies of patients with chest pain. The European and
American guidelines give slightly different recommendations for the use of coronary calcium score and coronary CTA
in patients with chest pain. The number of coronary CTA exams will increase during the upcoming years, and this ima-
ging modality will play an imprtant role as a gatekeeper of catheterisation in individuals with suspected coronary artery
disease.

Keywords: Coronary CT angiography, stable angina, calcium-score, coronary plaque
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A koronaria-CT-angiografia (koronaria-CTA) f6 indikacids
terlilete a koszoruér-betegség kizarasa kis és kdzepes ri-
zikdju betegek korében (1). Az Eurdpai Kardiolégus Tar-
sasag ajanlasa alapjan a koronaria-CTA a stabil anginas,
15-50% pre-teszt probabilitassal (PTP) rendelkez6 bete-
gek szamara ajanlott (1. tablazat) (2). A vizsgalat magas
negativ prediktiv értékkel rendelkezik, tehat amennyiben
a koronaria-CTA soran koszoruér-betegség nem abrazo-
I6dik, a mellkasi panaszok hatterében koszoruér-beteg-
ség nagy biztonsaggal kizarhaté (3). A koronaria-CTA a
kis és kozepes rizikdval rendelkez6 betegeknél az iszké-
mia-provokacios tesztek alternativaja lehet.

Kalcium-score vizsgalat

EKG-kapuzott nativ sziv-CT-vizsgalat segitségével
meghatarozhato a koszoruerek plakk-terheltségét leird
kalcium-score (Ca-score) érték. A nativ vizsgalat soran
a koszoruerekben lévdé meszes plakkok mennyiségérél
kapunk informaciot, amelyet az Agatston-féle Ca-sco-
re metoddussal szamszerlsithetiink szemiautomatikus
szoftver segitségével (4). A meszesedések terlletét
a CT-denzitassal valé sulyozast kdvetéen a szoftver
Ca-score értékké alakitja, amely jo korrelaciot mutat
a koszoruerekben jelen 1évé teljes plakktdmeggel. A
Ca-score a nemkivant kardiovaszkularis események
fuggetlen prediktora (2. tablazat) (5, 6). Az utobbi évek
soran tobb munkacsoport is igazolta, hogy panasz-
mentes betegek kdrében a Ca-score=0 kitliné negativ
kardiovaszkularis rizikomarker, segit azonositani azo-
kat a betegeket, akiknél nem, vagy kevésbé indokolt
a gyogyszeres prevencios kezelés (7). Megemlitend6

1. TABLAZAT. Klinikai preteszt probabilités (PTP) a stabil
mellkasi fajdalommal jelentkezé betegeknél az Eurépai
Kardiolégiai Tarsasag (ESC) ajanlasa alapjan. A fehér szinnel
jelolt pre-teszt probabilitassal rendelkezé betegek esetében
a stabil koszoruér-betegség valdszintisége kisebb mint 15%,
ezért tovabbi vizsgélatok nélkil kezelhetdk. A kék szinnel
jelolt betegek esetében, terheléses EKG-vizsgalat ajanlott
kiindulasként, illetve noninvaziv iszkémia-tesztek jonnek
széba, ha azok elérhetdk. A sarga szinnel jeldlt kategéridba
tartozé betegeknél noninvaziv funkciondlis vizsgélat ajanlott.
A piros, magas pre-teszt probabilitassal rendelkezé betegek
esetében stabil koszorGér-betegség jelenléte igen valészind,
rizikébecslés sziikséges.

Tipusos Atipusos Nem specifi-
angina angina kus fajdalom
Eletkor Férfi N6 Ferfi N6 Ferfi N6
30-39 59 28 29 10 18 5
40-49 69 37 38 14 25 8
50-59 77 47 49 29 34 12
60-69 84 58 59 28 44 17
7079 |89 68 69 37 54 24
>0 | 93 76 78 47 65 32

2. TABLAZAT. Ca-score értékek és a hozzéjuk tartozé riziké-
kategéridk, valamint a relativ haldlozasi rizikok (5, 6)

Ca-score Meszes Sziv- Relativ
érték koszoruér- infarktus halalozasi
plakkok kockazat riziko
Nem
g mutathato ki L2t
1-10 Kis Kicsi 148
mennyiségben
. Enyéh
11-100 Tobb emelkedett 3,61
101-400 Kozgpes Kozepes- 3.84
mennyiségben magas
>400 NEQY Magas 5,78
mennyiségl

tovabba, hogy a Ca-score mérése ndveli a statinterapi-
aval kapcsolatos compliance-t (8). A kdzepes rizikdval
rendelkez6 egyének kérében a Ca-score erésebb prog-
nosztikai értékkel rendelkezik, mint a carotis intima-me-
dia vastagsag, boka-kar index, a CRP-érték vagy a po-
zitiv csaladi anamnézis (9, 10).

A tobb mint 5000 randomizalt beteget szamlalé Mul-
ti-Ethnic Study of Atherosclerosis (MESA) vizsgalatban
statint korabban nem kapé betegeket kovettek median
7,6 évig és vizsgaltak a kardiovaszkularis események
alakulasat. Azon betegeknél, akiknél a Ca-score 2100
volt (21%), a kardiovaszkularis események gyakorisaga
22,7-29,5/1000 f6 volt. Azon betegeknél pedig, akiknél
maximalisan egy lipidparaméterben volt eltérés, az ese-
mények gyakorisaga alacsonyabb, 2,7-5,9/1000 6 volt.
Azon egyéneknél, akiknél egyik lipidparaméterben sem
volt eltérés, de a Ca-score 2100 volt, tdbb esemény tor-
tént, mint abban a csoportban, ahol mindharom lipidpa-
raméter (LDL 23,36 mmol/l, HDL <1,03 mmol/l férfiaknal
vagy HDL <1,29 mmol/l néknél, triglicerid 21,69 mmol/I)
emelkedett volt, de a Ca-score=0 volt. Mindezek alapjan
felmerll a Ca-score szerepe a személyre szabott sta-
tinterapia bedllitdsaban, azonban ennek megerésitése
tovabbi klinikai vizsgalatokat igényel (11).

Kiemelendd azonban, hogy a Ca-score értéke a ko-
szoruér-szikulet mértékével nem mutat szoros 0sz-
szefliggést, tehat magas Ca-score nem jar feltétlentl
obstruktiv koronariabetegséggel (legalabb egy szeg-
mentumon >50% lumenszikulet), ugyanakkor az ala-
csony Ca-score sem zarja ki az obstruktiv betegséget.
A Ca-score=0 értékkel rendelkezé betegek 12%-nal
azonosithaté koszoruér-betegség, és ezen betegek ko-
zUl minden tizedik esetben obstruktiv koronariabeteg-
ség igazolhato (12). Az utobbi esetekben a nem kalcifi-
kalt ateroszklerotikus plakkok allnak a hattérben, ezért
azok a nativ felvételen nem abrazolédnak (1. abra).
Ezt tUkrozi az Eurdpai Kardiologus Tarsasag stabil ko-
szoruér-betegség vizsgalatarol szolé ajanlasa (2013),
amely a Ca-score mérését nem ajanlja (lll C) a koszo-
ruér-sziikilet diagnosztizalasara (1).

Amennyiben a beteg anamnézisében beszikult vesefunk-
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Ca-score = 1400
Kozepes foku sziikiilet

Ca-score =0
Sulyos foku szdkulet

1. ABRA. ,A" panelen Ca-score = 0 értékkel rendelkezé
beteg, stlyos foku szikiilettel. ,B” panelen egy magas,

Ca-score=1400 értékkel rendelkezé beteg, akinél stlyos
fokd lumenszikilet nem &brazolédott a kontrasztanyag
adas utan végzett CT-angiografian

ci6 (GFR<60 ml/perc/1,73 m?) vagy kontrasztanyag-aller-
gia szerepel, a kalcium-score vizsgalatot kdvetéen a ko-
ronaria-CT-angiografia elvégzését mérlegelni szikséges.

Koronaria-CT-angiografia

A koronaria-CTA soran nem csupan a meszesedések
abrazolodnak, hanem a koronariak lumene, az érfal és
a sziviregek is megitélhetévé valnak. A vizsgalat ma-
gas szenzitivitasa (95-99%) és magas negativ prediktiv
ertéke (97-99%), kitiind vizsgalati modszerré teszi a kis
és kozepes rizikoju betegek koérében a koszoruér-be-
tegség kizarasa terén (3, 13). Fontos azonban figyelem-
be venni, hogy a koronaria-CTA ionizal6 sugarterhelés-
sel és jodos kontrasztanyag adasaval jar. A vizsgalat
megfeleld indikacié alapjan végezhet6 csak el. Széles
kérben a Diamond—Forrester-modszer szerint ker(l
meghatarozasra a preteszt probabilitds. Tovabba az
esetleges relativ vagy abszolut kontraindikaciok (vese-
elégtelenség GFR<60 ml/perc/1,73 m?, kontrasztanyag-
allergia) kizarasat kovetéen a diagnosztikus felvételt
befolyasolé tényez6k (obesitas, légzéstartasi nehéz-
ség, ritmuszavarok) ismeretében mérlegelni sziikséges
a vizsgalat indokoltsagat és megfontolni mas diagnosz-
tikai eljaras alkalmazasat (14).

A koronaria-CTA inkonkllziv stressz-tesztet kvetSen lla
osztalyl C-szintli ajanlassal javasolt, tehat a vizsgalat
elvégzése megfontolandd. Csakugy, mint azoknal a be-
tegeknél, akiknél a stressz-teszt kontraindikalt. Szintén
lla, C-indikacié vonatkozik azokra az egyénekre, akiknél
kis-kOzepes preteszt probabilitas all fenn és valoszinlsit-

hetéen diagnosztikus CT-képmin&ség érhet6 el, igy eb-
ben a populacioban a koronaria-CTA a stressz-teszt alter-
nativaja lehet. A koronaria-CTA elvégzése panaszmentes
egyénekben, koszoruér-betegség gyanuja nélkul, szlrés
jelleggel nem ajanlott (lll. C). Emellett magas (>50%) PTP
esetén, illetve sztentek vizsgalata esetén a koronaria-CTA
egyéni mérlegelés targyat képezi (1).

Plakkmorfolégia

A koronaria-CTA soran abrazolddott koszoruér-plakko-
kat morfoldgiajuk és mennyiségik alapjan is jellemez-
hetjuk. A vizsgalat soran az obstruktiv (>50% sz(ku-
let) és nem obstruktiv (<50% szlkulet) plakkok is nagy
pontossaggal abrazolédnak (15). A koronaria-CTA
szubmilliméteres térbeli felbontoképessége, valamint a
CT-denzitason alapul6 szoveti karakterizalas lehetévé
teszi az egyes plakk-komponensek jellemzését és igy
megkulonboztethetlink kalcifikalt, részben kalcifikalt és
nem kalcifikalt plakkokat (16). Ezen csoportokon belil
azonosithatunk nagy rizikéra utald plakkjellegzetessé-
geket, komponenseket (17). llyen komponens a szem-
cseés kalcium, az alacsony CT-denzitas, a napkin ring
jel, valamint a pozitiv remodellacio (2. ébra) (18, 19).

A szemcsés kalcium definicidja alatt a 3 mm-nél kisebb
atmérdji, >130 HU denzitast mutaté plakk-komponense-
ket értjuk, amelyeket nemkalcifikalt komponens vesz ko-
rul. Alacsony CT-denzitasu komponensekrél (<60 HU),
ex vivo vizsgalatokkal bizonyitottak, hogy azok zsirdus
plakkokat jeldInek, tovabba a vékonysapkas fibroathero-
makban is jelen van alacsony CT-denzitasu komponens
(20). A napkin ring jel a nem kalcifikalt plakkokra jellem-
z8 mintazat. Ekkor a plakk k6zépsé részén alacsony at-
tenuacidju terilet figyelheté meg, amelyet gyUriszeri-
en magasabb attenuacioju terilet hatarol. A napkin ring
jel specificitasa kivaléo a magas kockazatu plakkok és a
vékonysapkas fibroatheromak azonositasa terén (21).
Pozitiv remodellacion az érfal plakkokat tartalmazé sza-
kaszanak kompenzatorikus kitagulasat értjuk, ezaltal a
lumenatméré nem valtozik, szignifikans szikilet nem
alakul ki, igy a betegnél panaszok nem jelentkeznek.
Ezeknek a plakk-jellegzetességeknek a jelenléte a nagy
kardiovaszkularis rizikoval tarsul (15, 22). Motoyama és
munkatarsai 27+10 honapos utan kdvetéses vizsgalata-
ban az akut koronaria-szindrémat szenvedett egyének
korabban készilt koronaria-CTA-felvételeit elemezték.
Az akut korondria szindroma kockazata nagyobb volt
azoknal az egyéneknél, akiknél pozitiv remodellaciot és
alacsony denzitast mutato plakk volt megfigyelhet6 (23).

Koszoruér-plakkterheltség

A koszoruér-plakkterheltség szamitasahoz szamos
szemikvantitativ és kvantitativ modszer all rendelkezé-
sunkre. A leggyakrabban alkalmazott plakkterheltséget
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Pozitiv remodellacio Alacsony denzitas

Napkin ring jel Szemcsés kalcium

2. ABRA. Demonstrativ 4bra a nagy rizikéji plakk-komponensekrd|

leiré pontrendszer szamitasa az ateroszklerotikus plak-
kokkal rendelkez6 koronaria-szegmentumok 0sszegén
alapul. Az dsszeadas soran figyelmen kivll hagyjuk,
hogy egy adott szegmentumon milyen foku szlikilet
abrazolodik. Az igy szamitott értéket, ,szegmentum
érintettség pontszam”-nak nevezzik. Kovetkezd Iépés-
ben, mar beszamitjuk a lumenszikulet mértékét, mini-
malis foku szlkulettél az elzarodott szegmentumig 5
pontos skalat hasznalunk, és megkapjuk a ,szegmen-
tumszlkilet pontszam”-ot. Ezek az egyszerlen sza-
mithato, plakkterheltséget jellemz6 pontszamok a kar-
diovaszkularis események er6s, fuggetlen prediktorai
(24). Bittencourt és munkatarsai tobb mint haromezer
koronaria-CTA-vizsgalaton atesett beteget kovetett
négy évig és az abrazolddott koszoruér-betegség fligg-
vényében vizsgaltdk a kardiovaszkularis események
aranyat. Eredménylk alapjan, azon betegek akiknél a
koszoruér-betegség kiterjedtnek bizonyult (tdbb mint 4
szegmentum érintett), de egyik szegmentumban sem
volt obstruktiv betegség, magasabb kardiovaszkularis
rizikoval rendelkeztek, mint azon egyének akiknél a ko-
szoruér-betegség nem volt kiterjedt (kevesebb mint 4
szegmentum érintett), de valamelyik szegmentumon je-
len volt obstuktiv betegség. Tehat a lumenszikiilet (ob-
struktiv vagy nem obstruktiv) mértékétdl fliiggetlenul a
jovébeli kardiovaszkularis események szamat nagyban
meghatarozza a betegséggel érintett koszoruér-szeg-
mentumok szama, a betegség kiterjedtsége (25). Mi-
nél tobb plakk talalhaté a koszoruérrendszerben, annal
nagyobb eséllyel lesz jelen egy nagy kockazatu plakk
is, aminek kovetkeztében a jovébeni kardiovaszkularis
esemeény valoszinlisége megné.

A koronaria-CTA soran a negativ lelet is hordoz infor-
maciot. Tobb mint 1300 koronaria-CTA-vizsgalaton at-

esett beteg 4 év 4 hénapos utankdvetése soran egyal-
talan nem tortént kardiovaszkularis esemény azoknal
a betegeknél, akiknél a vizsgélat koszoruér-betegség
jelenlétét kizarta. ElImondhatjuk tehat, hogy egy negativ
eredmeényl koronaria-CTA minimum négy kardiovasz-
kularis eseménytdl mentes évet jelent (26).

Koronaria-CTA vezérelte terapia

A koronaria-CTA-vizsgalatok egyharmadaban a lelet
alapjan a koszoruér-betegség kizarhato, a felvételen szi-
kllet vagy plakk nem abrazolddik. llyen esetben tovabbi
megerdsitd vizsgalatok nem szikségesek (3. tablazat)
(27). A vizsgalati alanyok harmada-fele esetében non-ob-
struktiv szlkuletet okoz6 koszoruér-betegség talalhato.
A CT alapjan non-obstruktiv betegcsoportban a terapia
indokoltsaga egyel6re nincs alatamasztva randomizalt
vizsgalatokkal. Olyan non-obstruktiv betegek esetében,
akiknél a betegség kiterjedt (tébb mint 4 koronaria-szeg-
mentum érintett), statinterapia mellett a kardiovaszkularis
halalozas és a miokardialis infarktusok szama csokkenést
mutatott, ezért a mindennapi gyakorlatban ebben a popu-
lacidban a statinterapia inditasat javasoljuk, fliggetlendl a
vér lipidértékektdl (28, 29). Amennyiben obstruktiv beteg-
séget talaltak a koronaria-CTA soran és a beteg optimalis
gyogyszeres terapia mellett is tipusos panaszokrol sza-
mol be, invaziv kardiolégiai konzilium javasolt.

Puri és munkatarsai a koszoruér-plakkok valtozasat
vizsgalta nagy dozisu, standard dozisu statinnal és
statinnal nem kezelt egyénekben. Csupan a nagy do-
zisu statinnal kezelt csoportban figyelték meg plakk-
térfogat regressziéjat (0,6+0,1%), azonban a plakkok
kalciumtartalma mindharom csoportban névekedett.
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3. TABLAZAT: A koronéria-CTA lelete alapjan javasolt teen-
dék és mérlegelendé beavatkozasok (37, 38)

Koronaria-CTA
lelet

Javasolt teend6, mérlegelendo
beavatkozas

Nincs eltérés vagy Nem koszoruér eredeti etiologia

minimalis koszoru- megfontolando
ér-betegség Terapia a primer prevencios ajanla-
sok alapjan

Eletmddbeli valtoztatasok, statin,
aszpirin

Kiterjedt nem obstruk-
tiv (<60% szikilet)
koszoruér-betegség

Eletmddbeli valtoztatasok, statin,
aszpirin

Iszkémia elleni gyégyszeres terapia a
panaszok csokkentése érdekében
Funkcionalis vizsgalat a hemodinami-
kai szituacio tisztazasa érdekében
Terapiarefrakter panaszok és kiterjedt
iszkémia esetén intervencio

Nem nagy kockazatu
obstruktiv (>50%
szlikulet) koszoru-
ér-betegség

Eletmddbeli valtoztatasok, statin,
aszpirin

Iszkémia elleni gyégyszeres terapia a
panaszok csokkentése érdekében
Intervencié mérlegelendd

Nagy kockazatu
obstruktiv (>50%
szlikulet) koszoru-
ér-betegség

A kalciumtartalom novekedése egyik csoportban sem
mutatott korrelaciot a lipoprotein- vagy a CRP-szinttel.
A statinterapia tehat hozzajarul — a plakk-regresszi-
Ot okozd hatasatol fuggetlenll — a koszoruér-plakkok
kalcifikacidjahoz, azaz a plakkok stabilizaloddsahoz.
Ezen megfigyelés ismeretében a szekunder prevenci-
Oban részesul6 betegek esetleges utan kovetésére a
Ca-score értéke 6nmagaban nem alkalmas (30).

Az ISCHEMIA és DISCHARGE nemzetkozi vizsgala-
tok befejezését kiemelt figyelem kiséri, mindkét vizsga-
lat fontos eredményeket hozhat a stabil anginaval ren-
delkezb betegek kivizsgalasat és kezelését illetéen. Az
ISCHEMIA-vizsgalatba az iszkémia provokacios tesz-
ten legaldbb kbzepes foku iszkémiat mutatd betegek
kerllnek bevalasztasra. Minden betegnél torténik koro-
naria-CT-angiografia és amennyiben obstruktiv beteg-
ség igazolédik, de az nem a bal f6torzset érinti, a bete-
gek randomizaciora kerlilnek, konzervativ terapia vagy
invaziv angiografia agra.

A DISCHARGE-vizsgalatba olyan kozepes rizikojd,
stabil anginas betegek kerllnek bevalasztasra, akik-
nél invaziv angiografiara klinikai indikaciéja all fenn. A
betegek a bevalasztas utan invaziv angiografia vagy
koronaria-CT-angiografia agra randomizalédnak. A
DISCHARGE a koronaria-CT-angiografia ,kapuér” sze-
repét vizsgalja az invaziv vizsgalat el6tt.

Az American Heart Association (AHA)
ajanlasa

Az AHA 2013-ban kézzé tett ajanlasaban a Ca-score
meghatarozasat a kockazatbesorolast pontositdé leg-

hasznosabb vizsgalatnak itélték azon betegek esetében,
akiket a standard rizikdbecslés a kdzepes kategoriaba
sorolt (31). A Ca-score alapjan torténd rizikdbecslés pon-
tosabbnak bizonyult, mint a CRP vagy mas biomarkerek
fehasznalasaval végzett rizikobesorolas (32). Mar a 2010-
ben publikalt AHA-ajanlasban kbzepes rizikoju, panasz-
mentes egyének kardiovaszkularis rizikbbecslésére lla
szint(i ajanlasként szerepelt a Ca-score vizsgalata (33).
A Ca-score értéke a erds fliggetlen prediktornak bizonyult
az altalanos populaciéban, az idésekben és a cukorbete-
gekben is. Az AHA-ajanlas kiilon kiemeli, hogy a Ca-sco-
re alapjan nemcsak az anti-ateroszklerotikus terapiara
allitando betegek azonosithatdk, hanem a kalcifikacié nél-
kili betegek esetében kiderll az, hogy kiknél nincs szik-
ség statin- és/vagy aszpirinterapiara (34).

A NICE ajanlasa

A National Institute for Health and Care Excellences
(NICE) a legujabb ajanlasat kiegészitette 2017 marciu-
saban, amelyben negativ kardiovaszkularis anamnézis-
sel rendelkezd Uj keletl anginas betegek nem invaziv
kivizsgalasat elemezték koltséghatékonysag szem-
pontjabdl (27). A stabil anginaval jelentkezé betegek-
nél a koronaria-CTA-vizsgalatot alacsony ara és magas
szenzitivitasa, valamint az alacsony szov8dményrata
miatt elsévonalbeli tesztnek itélték, és ezért az Egye-
sult Kiralysagon belll a kovetkezd években a vizsga-
latok szdmanak 700%-o0s ndvekedését varjak (35).
Fontos kiemelni, hogy a koronaria-CTA anatomiai diag-
nozist nyujt, funkcionalis informaciét énmagaban nem
hordoz. A koronaria-CTA dobutamin stressz-echokar-
diografiaval kiegészitve azonban a koltséghatékonysag
terén a masodik volt a sorban az Egyesiilt Kiralysagban
(35). A NICE iranyelve alapjan a koronaria-CTA-vizs-
galatnak ,kapudr” szerepet kellene betdlteni az invaziv
angiografiara kerll6k betegek esetében.

Joévobeni fejlesztési iranyok

Akoronaria-CTA tobb mint tizenét éves multtal rendelke-
zik a koszoruér-betegség azonositdsaban és a szikilet
mértékének meghatarozasaban. A koronaria-CTA leg-
Ujabb fejlesztési iranyai nagy hangsulyt fektetnek arra,
hogy a vizsgalatbol funkcionalis informacio is kinyerhe-
t6 legyen. A koronaria-CTA altal abrazolt anatémiai in-
formaciot computational fluid dinamikaval kombinalva
Frakcionalis Flow Rezerv (FFR) értékhez juthatunk. A
CT-alapu FFR-értékek invaziv vizsgalat nélkul segite-
nek azonositani a léziospecifikus iszkémiat, mindezt
harom dimenziéban, a teljes koszoruér-rendszerre vo-
natkozéan. A mérés elvégzéséhez elegendd a korona-
ria-CTA-felvétel 6nmagaban. Az FFR-CT-vizsgalattal
tovabb erésoddne a koronaria-CTA ,kapubr” szerepe az
invaziv angiografia el6tt (36).
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Sziv-CT SZEREPE A CARDIOVASCULARIS RIZIKOBECSLESBEN
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Virosmajori Sziv- és Ergyégyziszati Klinika, Semmelweis Egyetem, Budapest

A cardiovascularis rizikébecslést leggyakrabban nagy statisztikdkon alapulé pontrendszerek alapjdn végezziik.
Ezen pontrendszerek azonban tilbecslik a kis rizikéval rendelkezé betegek cardiovascularis kockdzatdt és alulértékelik
a nagy rizikéju betegek kockdzatit. Fontos koriilmény tovdbbd, hogy a cardiovascularis események egyharmadit
nem képesek el6re jelezni. A coronaridk komputer tomografids (CT) vizsgdlata pontosithatja a cardiovascularis
rizikdbecslést és lehetvé teheti a személyre szabott rizikécsokkentést és a prevenciés terdpia bedllitdsdt.

EPIDEMIOLOGIA

A sziv- és érrendszeri megbetegedések vildgszerte
a vezet6 haldlokok ko6zé tartoznak, az Eurépai Uniéban
évente mindegy 4,1 milli6 életet kivetelnek. A nagy
kockdzati, panaszmentes betegek azonositésa nagy kihi-
vast jelent a klinikusok szdmdra. Az esetek kétharmads-
ban ugyanis a koszoriér-betegség elsé klinikai manifesz-
ticibja a szivinfarktus vagy a hirtelen szivhalal.

Koszortér betegség kizdrdsa mellkasi fdjdalom esetén,
alacsony-kézepes cardiovascularis riziké mellett

Ischaemia provokiciés teszt (stressz EKG, szivizom
perfizi6 szcintigrifia) eredménye nem egyértelmi

Akut mellkasi fijdalom alacsony-kézepes rizikéju
betegeknél, normilis/bizonytalan EKG esetén biomarker
eltérés nélkil (Triple-rule-out)

Aorto-coronarids bypass graftok ellenérzése

Coronaria stent beiiltetés utdn, amennyiben a stent
atmér6 >3 mm

Preoperativ vizsgilat nem sziven végzett mitét el6tt
kozepes cardiovascularis riziké mellett

Uj keletti szivelégtelenség etiol6gidjdnak tisztdzdsa
Koszoriér anomilia alapos gyaniija esetén
Percutan coronaria intervencié tervezése

Az invaziv coronaria angiogréfia utén fennmaradt
kérdések tisztdzdsa

1. tdblizat: A sziv-CT vizsgdlat f5bb indikdcidi.

A szivinfarktus hdtterében leggyakrabban egy vulne-
rabilis, atherosclerotikus plakk hirtelen kialakulé meg-
repedése, majd ennek kovetkeztében létrejové koszo-
raér-trombézis dll. A koszoruér-atherosclerosis klini-
kai standard diagnosztikdjit az invaziv koronarogrifia
(»érfestés”) jelenti, mely a stlyos fokt coronaria lu-
mensziikiilet azonositdsa mellett lehet6vé teszi az azon-
nali beavatkozist stent beiiltetés formdjiban. Fontos
koriilmény azonban, hogy az invaziv koronarogrifidk
50—60%-ban nem tirsulnak stent beiiltetéssel, hanem

csupan diagnosztikus célbél torténnek (1).

NEM-INVAZIV KORONAROGRAFIA

A sziv-CT az egyik legmodernebb nem invaziv ké-
palkoté eljards. A sziv-CT-vel a koszortérszikiilet fo-
kdnak (minimadlis, enyhe, kozepes, silyos) megitélésén
il informéciét kapunk az atherosclerotikus plakkok
(»érfali felrakéddsok”) kiterjedésérdl és szerkezetérél, ez-
dlal diagnosztizilhatjuk a panaszokat még nem okozé
elviltozdsokat is (2, 3). A korszer(i, 256-szeletes CT-be-
rendezésekkel a sziv-CT vizsgdlat két szivdobbands alatt
elvégezhet6, mely a beteg szimdra minimdlis sugdr- és
kontrasztanyag-terheléssel jdr.

A mindennapi kardiolégiai gyakorlatban a sziv-CT
legfontosabb indikaciés kére a silyos fokt coronaria-at-
herosclerosis kizdrdsa mellkasi panaszokkal rendelkezd,
kis vagy kozepes cardiovascularis rizikéji betegek koré-
ben. Tovibbi fontos indikdciés kért jelentenek az akut
mellkasi fijdalommal rendelkez betegek, akiknél
az EKG nem mutat ischaemidra jellemz6 elviltozast és
cardialis enzimemelkedés sem mérhetd (1. tdbldzat).

A sziv-CT vizsgilat abszolit kontraindikéci6i kozé
tartozik a terhesség, az anamnézisben szereplé kontrasz-
tanyag-allergia, haemodinamikai instabilitds és a vese-
elégtelenség.
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1. dbra: Sziv-CT felvételek 3D rekonstrukcios képei.
A bal oldali panelen nem dbrdzolédik coronaria kal-
ciftkdcié a koszoriierek lefutdsa mentén. A jobb oldali
panelen mindhdrom koszoriieret érinté kalcifikdcié
dbrdzolédik, valamint az aorta billentyiin is jelentés
meszesedés lithato.

KALCIUM-SCORE VIZSGALAT

A kalcium-score vizsgélat sordn igen alacsony sugdr-
dézissal, nativ (kontrasztanyag addsa nélkiili) felvéte-
leket készitiink a koszortierekrél sziv-CT segitségével.
A nativ felvételeken specidlis programok segitségével
lehetdség nyilik a koszortérrendszerben jelen 1év6 kalci-
um vagy meszesedés mennyiségének mérésére. A mesze-
sedés mértékér pontrendszerek segitségével jellemezziik,
igy egy osszesitett pontértéket (score) kapunk. A kalci-
um-score a klasszikus rizikéfaktoroktél fiiggetlen mé-
don képes elére jelezni a cardiovascularis eseményeket
(4). A kalcium-score mérése kozepes cardiovascularis
rizikéval rendelkezé panaszmentes egyének korében al-
kalmazhaté a rizik6 pontositdsara és a prevenciés straté-
gia feldllitdsira. Amennyiben a koszortierekben meszes
plakk dbrizolédik (kalcium-score nagyobb mint nulla),
a hagyomdnyos cardiovascularis rizikéfaktoroktdl fiig-
getleniil statin-terdpia bevezetése lehet indokolt. Tehdt
a kalcium-score a személyre szabott statin-terdpia bealli-
tdsdban nyujthat fontos segitséget (5) (1. dbra).

2. dbra: Sziv-CT plakk-klasszifikdcié. Panel A: a bal
eliilsé leszdllé dg proximdlis szakaszdn kalcifikdlt
plakk dbrdzolédik. Panel B: a coronaria proximdlis
szakaszdn részben kalcifikalt plakk lithatd. Panel
C: nem kalcifikalt plakk. A keresztmetszeti képeken
a narancssdrga vonal a coronariafalat, a citromsdrga
vonal a lument jeloli.
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PLAKKMORFOLOGIA

Napjainkban hasznélt diagnosztikus vizsgdlatok leg-
inkdbb a koszortiér lumenszikiiletének mértékérdl,
valamint a myocardialis ischaemia jelenlétérél adnak
informdci6t. Kérbonctani vizsgdlatok feltirtdk, hogy
a szivizominfarktust és/ vagy hirtelen szivhaldlt szen-
vedett betegek kétharmaddnal a coronaria-thrombosist
a kordbban érdemi lumensziikiiletet nem okozé sériilé-
keny tn. vulnerabilis plakk rupturdja okozza (6).

A sziv-CT lehetévé teszi az egyes plakk-komponensek
jellemzését. Nemzetkozi klinikai vizsgdlatok alapjin a meg-
novekedett plakktérfogat igen erds oOsszefliggést mutat
az szivinfarktus bekovetkeztének valészintiségével. A nagy
kockdzatd plakkokra jellemz8 morfolégia ismerete lehetévé
teheti a pontosabb riziké stratifikiciét, hozzdjarulhar a sze-
mélyre szabott prevencids terdpia bedllitdsihoz.

PLAKK JELLEMZOK
A kalcifikdle plakk-komponensek alapjin a plakkokat

alapvetéen hdrom csoportba sorolhatjuk. Kalcifikalt, rész-
ben kalcifikdlt, valamint nem kalcifikale plakkok (2. dbra)
(7). A nagy kockézatt plakkok leggyakrabban a nem kal-
cifikile csoportbél keriilnek ki. A kézelmultban publikale
tanulmdnyok szerint, amennyiben a koszorterekben nagy
kockazati plakk azonosithaté a CT felvételen, a vizsgilt
betegek egydtodében, 1-3 éven beliil cardiovascularis ese-
mény kovetkezik be (8, 9). Szovettani vizsgilatok igazoltdk,
hogy a nagyméreti zsirdlis magot tartalmazé plakk a sziv-
CT felvételeken jellemz6 mintdzatot, tn. asztalkend6 gyii-
rli jelet mutat (3. dbra), (10, 11). Az asztalkend6-gyfirii
nagy pontossaggal jelzi elére a szivinfarktust (12).

A KOSZORUER PLAKKTERHELTSEG
A plakkok jelenlétét a koszortér plakkterheltséggel

is jellemezhetjiik. A koszortér plakkterheltség sszegét
megkapjuk, ha az atherosclerotikus plakkot tartalmazé
coronaria-szegmentumok szdmdt 6sszeadjuk. A plakk-

terheltség a klasszikus rizikéfaktorokedl fliggetlen becs-
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3. dbra: Szemi-automatikus plakk-kvantifikdcié spe-
cidlis szoftver segitségével. Panel A: Bal eliilsé leszdllé
dg proximdlis szegmentumdn részben kalcifikdlt plakl
lithaté. Plakk-keresztmetszet CT-denzitdsok alapjin
szinkoddolva (B panel). A szinkédolt és a sziirkedr-
nyalatos (C panel) keresztmetszeteken napkin-ring
Jjel mintdzat dbrdzolédik. A D panelen lithaté coro-
nariafal keresztmetszetének denzitdstérképe a szdja-
déktol szdmitott kiilonbozé tdvolsdgokban.

lést tesz lehetévé a cardiovascularis eseményekert illets-
en. Nemzetkozi vizsgilatok alapjin a plakkterheltség
novekedésével a szivinfarktusok szdma nétt, viszont
az ischaemids myocardium-témeg névekedésével kap-
csolatban ez nem volt kimutathaté (13).

PLAKK-REGRESSZIO ES -STABILIZACIO

Az ASTEROID (A Study to Evaluate the Effect of
Rosuvastatin on Intravascular Ultrasound-Derived Co-
ronary Atheroma Burden) vizsgdlat sordn &sszesen 349
beteget kezeltek rosuvastatinnal 24 hénapon 4t, napi 40
mg dézissal. A vizsgdlat kezdetekor, valamint a 2 éves
utdnkovetés végén meghatdroztdk a koszortér plakkrer-
heltséget. Vizsgiltik a koszorarér plakkterheltség szdzalé-
kos véltozdsit, a vér lipidértékek szintvédltozdsinak fiigg-
vényében. A gydgyszeres terdpia hatdsdra az LDL-értékek
megfelezédtek és a koszortér plakktérfogat megkozelits-
leg 7%-kal csokkent. Az ASTEROID tanulmény alapjin
elmondhatjuk, hogy az LDL célérték ald valé csokken-
tésével a koszortérplakkok progresszidja megillithaté és
szamos esetben regresszi6 is megfigyelhetd (14).

A YELLOW-vizsglat a révid idétartamd, intenziv
statin-kezelés (40 mg rosuvastatin) és a standard statin-
kezelés plakkosszetételre gyakorolt hatésit vizsgalta. A 87
tobbér-betegségben szenvedd beteg legaldbb egy stilyos
sziikiiletet okozé koszortér plakkjit 7 hetet kovetSen
vizsgdltdk. Az eredmények alapjin az intenziv kezelést

kapott csoportban a plakk lipidtartalma szignifikinsan
csokkent a standard kezelést kapott csoporthoz képest
(15). Elmondhaté tehdt, hogy mdr rovid ideig tarté, in-
tenzifikalt statin-kezeléssel plakkstabilizdcié érhetd el.

(SSZEFOGLALAS

Sziv-CT-vel lehet6ség nyilik a koszorderek mésztartal-
manak meghatdrozdsara, koszoriér plakkterheltség szdmi-
tdsdra, valamint a nagy kockdzata plakkok korai azonositi-
sara. A nagy kockdzatti, rupturdra hajlamos plakkok idében
torténé azonositdsa lehetéséget teremthet az akut coronaria
események jovobeni megelézésére. Intenzifikdle statinters-

pidval plakkregresszi6 és plakkstabilizdci6 érhetd el.
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Environmental Factors Slightly Outweigh Genetic Influences
in the Development of Pancreatic Lipid Accumulation:
A Classical Twin Study
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Abstract

Background: Several studies showed that lipid accumulation in the pancreas (NAFPD: nonalcoholic fatty
pancreas disease) may lead to different pancreatic disorders, including beta-cell dysfunction. The role of genetic
and environmental factors in pancreatic lipid accumulation is unclear. We evaluated the magnitude of genetic
and environmental impact on pancreatic lipid content within a cohort of adult twin pairs.

Patients and Methods: We investigated 136 twin subjects [monozygotic (MZ, n= 86) and dizygotic (DZ,
n=>50) same-gender twins (age 57.7£9.1 years; body mass index [BMI] 28.0 +4.4 kg/m?; females 64.7%)] with
a 256-slice computed tomography (CT)-scanner. Using nonenhanced CT images, we calculated the average
value of pancreatic attenuation expressed in Hounsfield unit (HU) suggesting pancreatic lipid content. Crude
data were adjusted to age, sex, BMI, and hemoglobinAlc values. Intrapair correlations were established, and
structural equation models were used for quantifying the contribution of additive genetic (A), common envi-
ronmental (C), and unique environmental (E) components to the investigated phenotype.

Results: The study cohort represented a moderately overweight, middle-aged Caucasian population. Average
pancreatic attenuation was 48.9+11.9 HU in MZ and 49.0+13.0 HU in DZ twins (P =0.934). The intrapair
correlation between HU values was stronger in MZ compared to DZ twins (tMZ=0.536, P<0.001;
rDZ=0.115, P=0.580). Using the structural equation model, a greater unique environmental influence
[E: 54%, 95% confidence interval (CI) 19%—-66%] and a moderate additive genetic dependence (A: 46%,
95% CI 34%—-81%) were found.

Conclusions: The results of our classical twin study indicate that environmental (lifestyle) influences slightly
outweigh genetic effects on the phenotypic appearance of pancreatic lipid accumulation known as NAFPD.

Keywords: ectopic fat, heritability, nonalcoholic fatty pancreas disease (NAFPD), pancreas, twins, twin study

Introduction

ALTHOUGH THE FIRST human autopsy investigation about
the association between pancreatic fat and obesity was
published as early as 1933, the clinical consequences of lipid
accumulation in the pancreas remained unrevealed for a long
period of time.' Nevertheless, fat deposition in the pancreas
(fatty pancreas), termed nonalcoholic fatty pancreas disease

(NAFPD), has gained much attention in the last years.”” It
was due, at least in part, to the development of imaging
techniques enabling to perform clinical investigations to
characterize the clinical significance of pancreatic lipid ac-
cumulation. There is a consensus that NAFPD is associated
with increasing age, body mass index (BMI), and other
factors of the metabolic syndrome.**~'* Furthermore, lipid
accumulation in pancreas may promote the development of

lBajcsy -Zsilinszky Hospital and Outpatient Department, Budapest, Hungary.
MTA SE Cardiovascular Imaging Research Group, Heart and Vascular Center, Semmelweis University, Budapest, Hungary.
3Department of Radiology, Medical Imaging Centre, Semmelweis University, Budapest, Hungary.

“Global Genomics Group, Atlanta, Georgia, USA.
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chronic pancreatitis and exacerbate the clinical picture of
acute pancreatitis.'>~'> It was also suggested that pancreatic
steatosis promotes dissemination and worsens prognosis of
pancreatic cancer.'®

The potential relationship of pancreatic lipid accumulation
with B cell dysfunction is debated.'” A study with Korean
subjects documented with computed tomography (CT) that
pancreatic volume and fat deposition might be associated
with the development and progression of Type 2 diabetes.'®
Namely, the authors investigated four groups of patients
from normal glucose tolerance to overt Type 2 diabetes with
different duration and found that decreasing pancreatic vol-
ume and increasing lipid accumulation were associated with
increasing duration of diabetes.'® Another clinical investi-
gation documented that pancreatic fat is negatively corre-
lated with insulin secretion in subjects with prediabetes.'®
Nevertheless, others found in a cross-sectional clamp study
that pancreatic fat content increased in individuals with
prediabetes (compared to subjects with normal glucose tol-
erance) but without a direct relation with beta-cell func-
tion.?> Notably, NAFPD can frequently be observed; the
prevalence rate may vary between 16% and 35% dePending
on the method used and population investigated.'®>'2

The reliable measurement of pancreatic fat accumulation
is challenging in the clinical practice. Abdominal ultraso-
nography, CT, and magnetic resonance imaging techniques
were used in different clinical studies; however, these
measurement methodologies differ in availability, cost, ra-
diation dose, and reproducibility, which should be consid-
ered both in research and clinical settings.”> A recent
clinical study documented that CT attenuation indices can
be used to quantify pancreatic fat volume; the results were
validated by histological measurements.**

Lipid accumulation in different organs may be triggered
by genetic and environmental factors. In general, anthro-
pometric parameters such as weight, height, and, conse-
quently, BMI have relatively strong genetic dependence.”
Importantly, heritability of different adipose tissue com-
partments and that of ectopic fats may vary.”® Classical twin
studies allow determining the effect of genetics and envi-
ronmental factors on a certain phenotype. Comparing data
of monozygotic (MZ) versus dizygotic (DZ) same-gender
subjects, the contribution of genetics and environment to the
investigated phenotype (in this case: CT density represent-
ing pancreatic lipid content) may be quantified. We could
identify in the literature only a small study with eight
healthy MZ twin pairs where effects of physical activity on
hepatic and pancreatic fat contents were investigated.”

The role of genetic and environmental factors in the de-
velopment of NAFPD is unclear. Therefore, the aim of our
study was to evaluate the magnitude of genetic and envi-
ronmental impact on pancreatic lipid content within a cohort
of healthy adult twin pairs using standardized measurements
of nonenhanced CT imaging.

Subjects and Methods
Study population

This study was a prospective, single-center classical twin
study involving MZ and DZ same-gender twin subjects of
self-reported Caucasian ethnicity. The investigation was
conducted under the name of BUDAPEST-GLOBAL

JERMENDY ET AL.

(Burden of atherosclerotic plaques study in twins—Genetic
Loci and the Burden of Atherosclerotic Lesions) clinical
study; the participants had been co-enrolled with the large,
international, multicenter GLOBAL clinical study (www
ClinicalTrials.gov: NCT01738828).>® Detailed study de-
scrigtion and enrollment criteria were published previous-
ly.?” The study population was recruited from the Hungarian
Twin Registry.”® All subjects provided written informed
consent. The study was approved by the National Scientific
and Ethics Committee [institutional review board number:
ETT TUKEB 58401/2012/EKU (828/PI/12), Amendment-1:
12292/2013/EKU (165/2013)] and was carried out accord-
ing to the principles stated in the Declaration of Helsinki.
In the current study we included 68 twin pairs (136 twin
subjects; 86 women, 50 men); 33 twin pairs from the orig-
inal cohort were excluded due to inadequate image quality
as imaging was tailored for cardiac CT acquisition. We
assessed zygosity using a multiple self-reported question-
naire®' and, accordingly, our study population consisted of
43 MZ and 25 DZ same-gender twin pairs. For evaluating
genetic and environmental influences on pancreas lipid ac-
cumulation, we investigated CT attenuation of the pancreas
to quantitate pancreatic lipid accumulation. This method
was earlier validated by histologic assessment and has been
accepted for assessing NAFPD in clinical settings.'®?*

CT scanning protocol

For the original study a noncontrast enhanced CT scan of
the heart was performed with a larger coverage to visualize
the upper part of the abdomen.” Importantly, the native CT
image acquisition resulted in a small (<1 mSv) radiation dose.

Measurements of pancreatic CT attenuation were per-
formed in a blinded manner, that is, researchers who per-
formed CT measurements were blinded to zygosity of twin
subjects. Pancreatic CT attenuation was assessed in three
regions of interests (ROIs), which were flaced in the head,
body, and tail and were at least 1.5cm”. Special attention
was taken not to include the peripheral margin of the pan-
creas or any vasculature structures. For further analysis we
used the mean values of CT attenuation measured in three
ROIs of the pancreas (Fig. 1). Pancreatic attenuation was
measured by two radiologists (A.L.J., A.P., both with 5
years of experience with CT) in consensus. CT attenuation
was expressed in Hounsfield unit (HU).

Anthropometric data, medical history,
and laboratory analysis

We recorded basic anthropometric parameters (weight,
height, waist circumference). Brachial blood pressure was
measured before the CT examination. Questionnaires re-
garding past medical history and current lifestyle, smoking,
and dietary habits were recorded for every participant.
Fasting peripheral blood draw was performed before the CT
examination.

Laboratory parameters were investigated using standard
methods in certified laboratory.

Statistical analysis

Continuous variables are expressed as mean = standard
deviation, whereas categorical variables are expressed as
numbers and percentages. MZ and DZ twins were compared
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using Student’s #-tests (continuous variables) or chi-squared
tests (categorical variables). Correlations were calculated
using Pearson correlation coefficients. Descriptive statistics,
correlations, and reproducibility measurements were calcu-
lated using IBM SPSS Statistics version 23 (IBM, Armonk,
NY). The level of significance was set at P<0.05.

For evaluating genetic and environmental influences on
NAFPD, first we assessed co-twin correlations of HU in MZ
and DZ pairs separately, and then we evaluated the herita-
bility using structural equation models often called ACE
models. In the ACE model, the best fit model substantiates
the quantification of genetic or environmental effects on

DOI:10.14753/SE.2022.2580 3

. N FIG. 1. Evaluation of pan-

' creatic attenuation in a dizy-
gotic twin pair. Measurements
were performed in the head,
body, and tail of the pancreas
with at least 150 mm? sized
regions of interests (white
circles), and average values
of the three measurements
were used for analysis. HU,
Hounsfield unit.

Average HU: 17.1

phenotype investigated (in our study: pancreas lipid accu-
mulation assessed by CT attenuation, expressed in HU).
All models were corrected for age, sex, BMI, and hemo-
globinAlc (HbAlc) values. Log likelihood-based 95%
confidence intervals (Cls) were calculated for all estimated
parameters. All calculations were performed using R version
3.6.0.%> Twin modeling was performed using OpenMx
version 2.12.2.% Using the structural equation model, the
effect of genetic and environmental influences on a given
phenotype can be partitioned into additive genetic effects
(A), common (or shared) environmental (C), and unshared
(or unique) environmental (E) factors, which drive the

TABLE 1. DEMOGRAPHIC CHARACTERISTICS, MEDICAL HISTORY, AND CLINICAL LABORATORY DATA OF TWIN SUBJECTS

Twin subjects

Variables (total, n=136)

MZ twin
subjects (n=86)

DZ twin
subjects (n=150)

P value
(MZ vs. DZ twins)

Demographic characteristics, medical history, and clinical data

Female, n (%) 88 (64.7%) 54 (62.8%) 34 (68.0%) 0.540
Age (years) 57.719.1 56.3%£9.5 60.1+7.8 0.011
BMI (kg/m?) 28.0+4.4 27.9+4.1 28.2+5.0 0.723
Waist circumference (cm) 97.3111.5 96.41+11.2 98.9+12.0 0.244
Hypertension, n (%) 67 (49.3%) 41 (47.7%) 26 (52.0%) 0.627
Diabetes mellitus, n (%) 11 (8.0%) 7 (8.1%) 4 (8.0%) 0.977
Current smoker, n (%) 21 (15.4%) 14 (16.3%) 7 (14.0%) 0.764
Laboratory parameters
Fasting glucose (mg/dL) 94.2+15.7 93.3+£15.0 95.9+16.9 0.371
HbAlc (%) 5.51£0.6 5.5+£0.7 5.31£0.5 0.236
Total cholesterol (mg/dL) 21521423 220.0£42.9 207.1+£40.3 0.081
LDL-cholesterol (mg/dL) 137.3+18.9 141.5+40.7 130.0+33.9 0.078
HDL-cholesterol (mg/dL) 61.2+13.5% 60.5+13.9 62.7+12.7 0.370
Triglycerides (mg/dL) 134.5+74.0 141.6£80.5 122.3+£60.0 0.112
Serum creatinine (mg/dL) 0.9+0.1 0.9+0.1 0.9+0.1 0.877
ALT (U/L) 20.7+12.2 21.7+13.3 21.5+8.9 0.182
AST (U/L) 22.5+11.0 23.1x12.1 21.5+9.0 0.364
GGT (U/L) 37.5+41.8 39.24+40.0 34.7+45.1 0.556
Insulin (uWU/mL) 84+7.1 8.81+7.4 7.8+£6.6 0.404
C-peptide (ng/mL) 24114 24113 2511.6 0.561
hsCRP (mg/L) 3.0+4.9 2.8+£2.8 34+£72 0.568
HOMA-IR 2.17+3.22 2.33+3.71 1.91+2.29 0.340

Continuous variables are presented as mean=* SD, while categorical as n (%). MZ and DZ twins were compared using Student’s -tests
and chi-squared tests, as appropriate. P values represent two-sided P values for independent #-tests (continuous variables) or chi-squared
tests (categorical variables) done between the MZ and DZ twin groups.

“HDL-cholesterin in males: 72.3+ 13.3 mg/dL, in females: 63.6+ 14.3 mg/dL (P <0.001).

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; DZ, dizygotic; GGT, y-glutamyl
transpeptidase; HbAlc, hemoglobinAlc; HDL, high-density lipoprotein; HOMA, homeostasis model assessment of insulin resistance;
hsCRP, high sensitivity C-reactive protein; LDL, low-density lipoprotein; MZ, monozygotic; SD, standard deviation.
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TABLE 2. DETAILED MODEL INFORMATION REGARDING SINGLE TRAIT CLASSICAL TWIN MODEL OF COMPUTED TOMOGRAPHY-BASED PANCREAS ATTENUATION

Difference
to full model
P

Difference

to full model

-2LL

Estimated Model
A 95% CI C 95% CI E 95% CI -2LL AIC BIC
0.00

parameters

Full
model

Variable

1.00
0.04
<0.001

0.00
3.95

364.74
363.67
367.63

96.46
94.46
98.42

102.91

360.46
360.46
364.41

0.34-0.81
0.34-0.81
0.50-0.93

0.54
0.54
0.70

0.00-0.34
0.07-0.50

ACE 046  0.01-0.66
0.46  0.19-0.66
0.30

AE
CE

ACE

Pancreas (HU)

10.45

373.05

1.00-1.00 37091

1.00

A: additive genetic factor, C: common environmental factor, E: unique environmental factor.

DOI:10.14753/SE.2022.2580

AIC, Akaike information criterion; BIC, Bayesian information criterion; CI, confidence interval; HU, Hounsfield unit; LL, log-likelihood; Bold, best fit model.
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variance in the phenotype for each twin. Additive genetic
effect (A) is perfectly (r=1.0) correlated across MZ twins
and less (r=0.5) correlated across DZ twins. Environmental
components are grouped as common factors (C), which
equally affect the siblings, and unique factors (E), which
cause differences within families. Both MZ and DZ twins
shared 100% of their C factors and none of their E factors.
Since measurement error in the phenotype is also uncorre-
lated across measurements, it appears as part of the unique
environmental component.

Results

Our study cohort (68 twin pairs, 136 twin subjects) re-
presented a middle-aged, moderately overweight Caucasian
population with a slight female predominance (age: 57.719.1
years, 64.7% females, BMI: 28.0+4.4 kg/mz, waist circum-
ference 97.3t11.5cm). Overweight (BMI 25.0-29.9 kg/mz)
and obesity (BMI >30.0kg/m?) were more frequently ob-
served among males (44.4% and 37.5%) than in females
(36.9% and 26.9%), respectively (P=0.024). However, males
and females did not differ significantly regarding prevalence
of increased waist circumference (males: >94 cm, 86.9%;
females >80 cm, 76.4%, P=0.056). In the total cohort, mean
values of laboratory parameters indicating glucose and lipid
metabolism, as well as those of renal and hepatic function,
were in normal or near-normal ranges; homeostasis model
assessment of insulin resistance value (2.17+3.22) was
slightly elevated (Table 1).

There was no significant difference between MZ and DZ
twin subjects regarding pancreatic CT attenuation (48.9t11.9
HU and 49.0%+13.0 HU, P=0.934, respectively).

Age-, sex-, BMI-, and HbA1c-adjusted co-twin correlations
between the siblings showed that MZ twins have stronger
correlation of HU values than DZ twins (rMZ=0.536,
P<0.001; rDZ=0.115, P=0.580, respectively).

Using the structural equation model, a greater unique
environmental influence (E: 54%, 95% CI 19%—-66%) and a
moderate additive genetic dependence (A: 46%, 95% CI
34%-81%) were found. Common environmental influence
was not identified (C: 0%) (Table 2).

Discussion and Conclusion

We found a moderate additive genetic and a greater un-
ique environmental dependence of pancreatic lipid accu-
mulation in our twin cohort indicating that development of
NAFPD is mainly driven by environmental factors (lifestyle
characteristics).

Importantly, we have enrolled adult twin pairs with the
mean age of 57.7x9.1 years. The female predominance
(64.7% in our study) has been described in previous twin
studies, as female twin subjects are more willing to partic-
ipate in such clinical studies than males.**

We used nonenhanced CT images for measuring pancre-
atic lipid accumulation; this method was also popular among
other researchers in clinical settings.'®** Undoubtedly, visu-
alization of pancreas is often challenging due to inadequate
coverage or image quality. In our study, we excluded some
twin subjects (and their siblings) from the analysis simply due
to poor pancreas image quality.

It is noteworthy that there are no consensus criteria for the
CT diagnosis of pancreatic lipid accumulation. Although
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absolute number of attenuations was proposed for diagno-
sis,”> other authors preferred to use ratio of pancreatic to
splenic attenuation or difference between pancreatic and
splenic attenuation.'®** In our study we refrained from us-
ing derived ratios or differences as we aimed to assess ge-
netic and environmental dependence of pancreatic lipid
accumulation, and crude but not derived numbers should be
considered more appropriate for assessing the phenotype in
statistical analysis of a classical twin study.

Although pancreatic lipid accumulation was mainly dri-
ven by environmental factors in our study, a moderate ge-
netic effect on pancreatic fat was also documented. This
observation can be based on the results of structural equa-
tion model, although co-twin correlations (tMZ > rDZ) al-
ready suggested that genetic dependence should not be
considered negligible. To our best knowledge, this is the
first systematic clinical observation with twin pairs doc-
umenting slightly dissimilar impact of environmental and
genetic influence on development of NAFPD.

The greater environmental and a moderate genetic effect
on developing NAFPD can translate to clinical practice. As
pancreatic lipid accumulation was documented even in
children and adolescents with overweight,>> early and in-
tensive preventive efforts should be implemented to reduce
or at least to halt this pathological process. All modifiable
lifestyle characteristics should be appropriately treated with
medical nutrition therapy, regular physical activity, or be-
havioral interventions. Clearly, lifestyle changes and weight
management should be considered as key element for pre-
venting or decreasing pancreatic lipid accumulation. For
example, bariatric surgery resulted in a significant decrease
of pancreatic fat within 12 months in obese subjects.*® In
contrast, active lifestyle resulted in a beneficial effect only
on hepatic but not on pancreatic lipid contents in a Finnish
twin study.?’ In a recent small study, metformin therapy for
4 months did not result in any change of pancreatic CT
attenuation among patients with newly diagnosed Type 2
diabetes.>”

Our results have to be interpreted within the context of
their limitations. The sample size (136 twin subjects) is
limited but comparable to other classical twin studies.**
Lipid accumulation in the pancreas was assumed by CT
attenuation without any histological validation. Never-
theless, this method is widely accepted, and histopatholog-
ical correlations have been already published by others.** In
our study, the zygosity was classified according to validated
questionnaires, but this method is widely accepted in clini-
cal studies.’’ The age of DZ pairs was somewhat higher
compared to MZ pairs, but all models were corrected for
age, sex, BMI, and HbAlc values in our study. Our results
were derived from an adult twin Caucasian population;
therefore, the generalizability of our findings is limited.

In conclusion, our classical twin study documented that
unique environmental influences slightly outweighed addi-
tive genetic effects on the phenotypic appearance of pan-
creatic lipid accumulation known as NAFPD.
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ABSTRACT

Background and aims: Non-alcoholic fatty liver disease (NAFLD) increases cardiovascular
morbidity and mortality, and carries poor long-term hepatic prognosis. Data about the role of
genetic and environmental factors in the hepatic lipid accumulation are limited. The aim of the
study was to evaluate the genetic and environmental impact on the hepatic lipid accumulation
within a cohort of adult twin pairs.

Patients and methods: We investigated 182 twin subjects [monozygotic (MZ, n = 114) and
dizygotic (DZ, n = 68) same-gender twins (age 56.0 + 9.6 years; BMI 27.5 + 5.0 kg/m?; females
65.9%)] who underwent computed tomography (CT) with a 256-slice scanner. Using non-
enhanced CT-images, we calculated the average value of hepatic attenuation [expressed in
Hounsfield unit (HU)] suggesting hepatic lipid content. Crude data were adjusted to age, sex, BMI
and HbAlc values. Intra-pair correlations were established, and structural equation models were
used for quantifying the contribution of additive genetic (A), common environmental (C) and
unique environmental (E) components to the investigated phenotype.

Results: The study cohort represented a moderately overweight, middle-aged Caucasian popu-
lation. There was no significant difference between MZ and DZ twin subjects regarding hepatic
CT-attenuation (57.9 + 12.6 HU and 59.3 & 11.7 HU, respectively; p = 0.747). Age, sex, BMI and

IMAGING 12 (2020) 1, 15-20 HbAIc adjusted co-twin correlations between the siblings showed that MZ twins have stronger
DOI: 10.1556,/1647.2020.00006 correlations of HU values than DZ twins (rMZ = 0.592, p < 0.001; rDZ = 0.047, p = 0.690,
respectively). Using the structural equation model, a moderate additive genetic dependence (A:

© 2020 The Author(s) 38%, 95% CI 15-58%) and a greater unique environmental influence (E: 62%, 95% CI 42-85%) was
found. Common environmental influence was not identified (C: 0%).
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referred to as NAFLD. Favorable changes of modifiable environmental factors are of great
importance in preventing or treating NAFLD.

Unauthenticated | Downloaded 08/11/20 12:46 PM UTC



16 Envigepsenty] jiflpenaces erhppatis sisposis

IMAGING 12 (2020) 1, 15-20

Introduction

Hepatic lipid accumulation in the absence of regular alcohol
intake is commonly referred to as non-alcoholic fatty liver
disease (NAFLD). In recent years, NAFLD has become
increasingly more prevalent, affecting about 25% of adults
worldwide, carrying severe vascular and hepatic outcomes [1-
3]. It has been demonstrated previously that NAFLD might
increase cardiovascular risk. In the Framingham Heart Study
fatty liver was associated with several cardiovascular risk
factors even after adjustment for other fat compartments [4].
Clinical studies have documented independent associations
between NAFLD and increased incidence of cardiovascular
events [5, 6]. Furthermore, NAFLD may progress to NASH
(nonalcoholic steatohepatitis) and ultimately to cirrhosis,
hepatocellular carcinoma, and liver failure [7]. NAFLD is
often associated with obesity, type 2 diabetes, hyperlipidemia,
hypertension, insulin resistance and, therefore, some authors
have suggested that NAFLD should be considered as a
component of the metabolic syndrome [8, 9].

In the clinical setting, various imaging modalities
including ultrasonography, computed tomography (CT) and
magnetic resonance imaging (MRI) have been used to
investigate and quantify hepatic steatosis [10-16]. In daily
clinical practice, ultrasonography is routinely used but it has
high intra- and interobserver variability. Nevertheless, im-
provements in methodology resulted in more reliable results
[17, 18]. Notably, European guidelines for the management
of NAFLD recommend using ultrasonography as a first
choice for imaging in adults who are at risk for NAFLD [19].
Recently, CT-imaging for the measurement of hepatic
steatosis has become increasingly popular in different
research and clinical projects [20, 21]. Importantly, hepatic
steatosis is quantifiable on non-contrast-enhanced CT-im-
ages and presents with decreased attenuation values of the
parenchyma due to the inverse relationship between hepatic
fat content and hepatic attenuation [10]. Although MRI
proved to be more accurate measurement for evaluating
hepatic lipid content, the availability of this method is
limited, and its cost is relatively high. Therefore, MRI is
limited and reserved mainly for research and clinical trials
[22]. Undoubtedly, the exact diagnosis of NAFLD needs liver
biopsy and should be based on histopathological investigations.
Nevertheless, this invasive method is very rarely justified in
practice [23]. Clinicians should base their diagnosis on labo-
ratory findings, biomarkers and results of imaging procedures.
Comparative studies with histopathological investigations
validated the reliability and usefulness of ultrasonography,
unenhanced CT or MRI [13, 21, 22].

Despite the growing knowledge about the pathogenesis
of NAFLD, the entire process is still not completely under-
stood. Data about the contribution of genetic and environ-
mental influences on the hepatic steatosis are limited [24,
25]. In an earlier study, our working group found only
negligible role for heritability of NAFLD within healthy,
middle-aged twin pairs, however, lipid accumulation was

visualized by using ultrasonography with its inherent limi-
tations [26]. Currently, we intended to assess the effect of
genetic and environmental influences on hepatic lipid
accumulation within a cohort of adult twin pairs, undergoing
CT-examination. Therefore, our objective was to evaluate the
relative contribution of genetics versus environmental factors
to hepatic steatosis, using CT-images available in participants
of the BUDAPEST-GLOBAL clinical twin study.

Patients and methods

Study population

This study was a prospective, single-center, classical twin
study involving monozygotic [MZ] and dizygotic [DZ]
same-gender twins of self-reported Caucasian ethnicity. The
investigation was conducted under the name of BUDA-
PEST-GLOBAL (Burden of atherosclerotic plaques study in
twins — Genetic Loci and the Burden of Atherosclerotic
Lesions) study; participants had been co-enrolled with the
large, international, multicenter Genetic Loci and the
Burden of Atherosclerotic Lesions (GLOBAL) clinical study
(www.ClinicalTrials.gov: NCT01738828) [27]. Detailed
study description and enrollment criteria were published
previously [28]. The total study population consisted of 202
adult twin subjects (101 twin pairs) of whom 122 were MZ
and 80 were same-gender DZ twin subjects. Participants
were recruited from the Hungarian Twin Registry [29]. The
study was approved by the National Scientific and Ethics
Committee (institutional review board number: ETT
TUKEB 58401/2012/EKU [828/PI/12], Amendment-1:
12292/2013/EKU [165/2013] and was carried out according
to the principles stated in The Declaration of Helsinki. All
subjects provided written informed consent.

The present analysis included 91 twin pairs (182 twin
subjects; 120 women, 62 men); 10 twin pairs from the original
cohort were excluded due to inadequate image quality. For
the assessment of zygosity a self-reported questionnaire was
used [30] and, based on this, 57 MZ and 34 DZ same-gender
twin pairs were investigated. Main clinical and laboratory
findings of twin pairs are summarized in Table 1.

Computed tomography (CT) scanning protocol

Each subject underwent a non-contrast enhanced CT-scan of
the heart with a longer caudal coverage for visualizing the upper
part of the abdomen (256-slice CT-scanner; Philips Brilliance
iCT, Best, The Netherlands). Details of the study protocol were
reported in our design paper [28]. Of note, the native CT-image
acquisition resulted in a small (<1 mSv) radiation dose.
Hepatic parenchymal attenuation was measured to quan-
tify hepatic lipid content (Fig. 1). We selected three circular
regions of interest (ROI) with an area of at least 300 mm? on
three cross-sectional images at different hepatic levels (one in
the right hepatic lobe above the portal vein, one in the right
hepatic lobe below the portal vein, and one in the left lobe).
Special attention was taken to avoid hepatic larger vascular
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Table 1. Demographic characteristics, medical history and clinical-laboratory data of twin subjects

Twin subjects Monozygotic (MZ) Dizygotic (DZ) twin p Value (MZ vs.

Variables (total, n = 182) twin subjects (n = 114) subjects (n = 68) DZ twins)
Demographic characteristics, medical history and clinical data
Female n (%) 120 (65.9%) 70 (61.4%) 50 (73.5%) 0.095
Age (years) 56.0 + 9.6 54.6 + 9.7 585 + 8.9 0.006
BMI (kg/mz) 275 + 5.0 27.6 + 4.8 274 +53 0.848
Waist circumference (cm) 96.1 + 13.2 96.0 + 13.6 96.6 + 12.8 0.758
Hypertension n (%) 75 (41.2%) 46 (40.4%) 29 (42.6%) 0.760
Diabetes mellitus 7 (%) 16 (8.8%) 11 (9.6%) 5 (7.4%) 0.600
Current smoker n (%) 31 (17.0%) 19 (16.6%) 12 (17.6%) 0.864
Laboratory parameters
Fasting glucose (mmol/L) 531 +1.27 5.34 + 147 5.26 + 0.85 0.629
HbAlc (%) 55+09 56 + 1.0 52+038 0.008
Total cholesterol (mmol/L) 5.54 + 1.08 5.65 + 1.13 5.38 + 0.99 0.095
LDL-cholesterol (mmol/L) 347 + 0.99 3.55 + 1.06 3.35 + 0.85 0.180
HDL-cholesterol (mmol/L) 1.60 + 0.38 1.59 + 0.40 1.64 + 0.34 0.357
Triglycerides (mmol/L) 1.57 + 1.06 1.67 + 1.23 1.39 + 0.65 0.043
Serum creatinine (umol/L) 759 + 8.8 79.6 + 8.8 70.7 + 8.8 0.161
ALT (U/1) 20.2 + 11.6 214 + 12.7 18.1 +£ 9.0 0.043
AST (U/) 22.2 +10.8 23.0 + 12.1 20.7 £ 7.9 0.129
GGT (U/) 34.8 + 39.1 374 + 289 30.6 + 39.4 0.260
Insulin (LU/mL) 79 +75 84 + 82 7.1 £ 6.0 0.250
C-peptide (ng/mL) 23+ 14 22+13 23+15 0.635
hsCRP (ng/mL) 29 +45 27 +29 3.1+64 0.658

Continuous variables are presented as mean + SD, while categorical as n (%). P values represent two-sided p values for independent ¢-tests
done between the monozygotic (MZ) and dizygotic (DZ) twin groups. BMI: body mass index, hsCRP: high sensitive C-reactive protein, HbAlc:
hemoglobinAlc, HDL: high-density lipoprotein, LDL: low-density lipoprotein, ALT: alanine aminotransferase, AST: aspartate aminotransferase,
GGT: y-glutamyl transpeptidase

structures [21]. For further analysis we used the mean values of
CT-attenuation measured in three ROIs of the liver. Hepatic
attenuation was measured by two radiologists (ZD, ALJ both
with 5 years of experience with CT) in consensus. CT-atten-
uation was expressed in Hounsfield unit (HU). Readers were
blinded for the zygosity of subjects investigated.

Anthropometric data, medical history and laboratory
analysis

We recorded basic anthropometric parameters (weight,
height, waist circumference) in each subject. Brachial blood

pressure was measured prior to the CT-exam. We used
questionnaires for evaluating past medical history and cur-
rent lifestyle (smoking, dietary habits, physical activity).
Fasting peripheral blood draw was performed before the CT-
examination and we used standard methods in certified
laboratory for assessing laboratory parameters.

Statistical analysis

For evaluating genetic and environmental influences on
NAFLD, first we assessed co-twin correlations of HU in MZ
and DZ pairs separately, and then we evaluated the

Average HU: 20.3

Average HU: 60.9

Figure 1. Evaluation of hepatic attenuation in a dizygotic twin pair. Measurements were performed in three regions of interest with at least
300 mm? (white circles), and average values of the three measurements were used for analysis. HU: Hounsfield unit
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heritability using structural equation models often called
ACE models. In the ACE model, the best fit model sub-
stantiates the quantification of genetic or environmental
effects on phenotype investigated (in our study: hepatic lipid
accumulation assessed by CT-attenuation, expressed in HU).
All models were corrected for age, sex, BMI and HbAlc
values. Log likelihood-based 95% confidence intervals (CI)
were calculated for all estimated parameters. The most
parsimonious model best describing our data was found by
eliminating, C (AE model), A (CE model) or AC (E model).
Deterioration of fit was assessed using —2*log-likelihood
values. All calculations were performed using R version
3.6.0. [31]. Twin modelling was performed using OpenMx
version 2.12.2. [32]. Using the structural equation model, the
effect of genetic and environmental influences on a given
phenotype can be partitioned into additive genetic effects
(A), common (or shared) environmental (C) and unshared
(or unique) environmental (E) factors, which drive the
variance in the phenotype for each twin. Additive genetic
effect (A) is perfectly (r = 1.0) correlated across MZ twins
and correlated less (r = 0.5) across DZ twins. Environmental
components are grouped as common factors (C), which
equally effect the siblings, and unique factors (E), which
cause differences within families. Both MZ and DZ twins
shared 100% of their C factors and none of their E factors.
Since measurement error in the phenotype is also uncorre-
lated across measurements, it appears as part of the unique
environmental component.

Continuous variables are expressed as mean + standard
deviation (SD) whereas categorical variables are expressed as
numbers and percentages. MZ and DZ twins were compared
using Student’s t-tests and Chi-square tests. Correlations
were calculated using Pearson correlation coefficients.
Descriptive statistics and correlations were calculated using
IBM SPSS Statistics version 23 (IBM, Armonk, NY, USA).
The level of significance was considered as p < 0.05.

Results

Our study cohort (91 twin pairs, 182 twin subjects) repre-
sented a moderately overweight, middle-aged Caucasian
population with a slight female predominance (Table 1).
Mean values of laboratory data (including hepatic, renal and
metabolic parameters) were within the normal range.

There was no significant difference between MZ and DZ
twin subjects regarding hepatic CT-attenuation (57.9 + 12.6
HU and 59.3 + 11.7 HU, p = 0.747, respectively).

Age-, sex-, BMI- and HbAlc-adjusted co-twin correla-
tions between the siblings showed that MZ twins have
stronger correlations of HU values than DZ twins (rMZ =
0.592, p < 0.001; rDZ = 0.047, p = 0.690, respectively).

Using the structural equation model, the role of envi-
ronmental influences was greater (E: 62%, 95% CI 42-85%)
compared to a moderate, additive genetic dependence (A:
38%, 95% CI 15-58%). Common environmental influence
was not identified (C: 0%). Detailed model information is
given in Table 2.

Table 2. Detailed model information regarding single trait classical twin model of CT-based liver attenuation

Difference to

Difference to full

Estimated

Full
model
ACE

full model p
1.00
0.03
0.008

9.70

model -2LL
0.00
4.

BIC
—320.93

—32543
—320.75
—320.23

AIC
119.03
117.03
121.71
124.73

Model-2LL
471.03
471.03
475.71
480.73

[0.58-0.97]
[1.00-1.00]

95% CI
[0.42-0.85]
[0.42-0.85]

E
0.62
0.62
0.77
1.00

95% CI
[0.00-0.24]
[0.03-0.42]

C
0.00
0.23

[0.15-0.58]

95% CI
[0.05-0.58]

A
0.38
0.38

parameters
ACE
AE
CE
E

A: additive genetic factor, C: common environmental factor, E: unique environmental factor, HU: Hounsfield unit

Liver attenuation (HU)

Variable
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Discussion

Based on the results of our CT-based classical twin study, the
contribution of unique environmental factors appears to
have a greater role than genetic determinants in the devel-
opment of hepatic steatosis.

We were uniquely positioned to address this question by
performing a classical twin study which has value even in the
current omics era of molecular genetic studies [33]. Our
cohort consisted of middle-aged (56.0 + 9.6 years) adult
twin subjects (n = 182), with a female predominance
(65.9%) and a higher number of MZ vs. DZ twin subjects (n
= 114 vs. n = 68, respectively). These numbers are in line
with former investigations as females and MZ twin pairs are
more willing to participate in different research projects
[34]. The sample size of our current investigation is also
comparable to that of former classical twin studies [34].

We used non-enhanced CT-images for evaluating hepatic
lipid accumulation, similarly to prior studies [10]. There is no
consensus for CT-based criteria for NAFLD; both attenuation
absolute values (expressed in HUs) and derived numbers
(spleen-to-liver attenuation ratio or difference in attenuation
values between liver and spleen) have been used [10, 21]. In
our twin study, we preferred to use absolute numbers of HUs
instead of derived ratios or differences. We considered more
appropriate for assessing hepatic lipid content by measuring
absolute attenuation values.

We found that environmental influences outweighed ge-
netic influences in the development of hepatic lipid accu-
mulation. Our current CT-based findings corroborate our
previous investigation using ultrasonography [26], although
the results of ACE models are numerically slightly different.
Nevertheless, we expected a slight numerical difference as we
used different methodology in a different twin population.

Our results have profound clinical implications. Since our
study suggests that the development of NAFLD is predomi-
nantly influenced by environmental factors, the importance of
lifestyle changes (including healthy diet, medical nutrition
therapy, nutraceutical/dietary supplements, regular physical
activity or behavioral intervention) is substantial in the pri-
mary prevention of NAFLD and related conditions [35, 36].
In addition, bariatric surgery in obese people may reduce
NAFLD ([37]. Although several different drugs have shown
some potential promising results in early clinical Phase-2 and
Phase-3 trials, there are no currently approved drugs for the
treatment and prevention of NAFLD and NASH [38, 39].

Our study has several limitations. Hepatic steatosis was
estimated based on CT-attenuation, without any histological
validation. Nevertheless, unenhanced CT-based evaluation
of NAFLD is accepted, and histopathological correlations
have been already published by others [21]. Furthermore,
while biopsy-based steatosis measurements are severely
hindered by “geographic miss” [40] our CT-based approach
allows for the quantification of hepatic steatosis in a large,
substantial portion of the liver. In our study, zygosity was
classified using validated questionnaires; a method widely

used in clinical twin studies [30]. Our study was performed
in adult twin subjects of Caucasian population; therefore, the
generalizability of our findings is limited.

In conclusion, our classical CT-based twin study docu-
mented moderate genetic and greater environmental in-
fluences on the phenotypic appearance of hepatic steatosis
commonly referred to as NAFLD. Therefore, favorable
changes of modifiable environmental factors are of great
importance in preventing or treating NAFLD.
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