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Chemotherapy and radiotherapy have drastically improved cancer survival, but they can result in significant short- and long-term cardio-
vascular complications, most commonly heart failure from chemotherapy, whilst radiotherapy increases the risk of premature coronary ar-
tery disease (CAD), valve, and pericardial diseases. Cardiac computed tomography (CT) with calcium scoring has a role in screening
asymptomatic patients for premature CAD, cardiac CT angiography (CTCA) allows the identification of significant CAD, also in the acute
settings where concerns exist towards invasive angiography. CTCA integrates the diagnostic work-up and guides surgical/percutaneous
management of valvular heart diseases and allows the assessment of pericardial conditions, including detection of effusion and pericardial
calcification. It is a widely available and fast imaging modality that allows a one-step evaluation of CAD, myocardial, valvular, and pericardial
disease. This review aims to provide an update on its current use and accompanying evidence-base for cardiac CT in the management of
cardio-oncology patients.
...................................................................................................................................................................................................
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Introduction

Recent and continued successes in cancer treatment research have
improved many cancer patients’ survival and increased the rates of
complete remission and cure from disease. However, cancer treat-
ment’s success is often tempered by debilitating and, at times, life-
threatening early and late cardiovascular complications, the incidence
of which continues to rise in tandem with increasing cancer survivor-
ship.1 Cardiac computed tomography (CT) is a widely available and
fast technique to assess coronary artery disease (CAD) and myocar-
dial, valvular, and pericardial disease2 (Figure 1). Recent technical
developments allow the performance of cardiac CT at very low radi-
ation doses,3 making it an attractive imaging modality and an essential
adjunct to echocardiography, cardiac magnetic resonance, and

nuclear imaging in the assessment of cardio-oncology patients.4

Compared to nuclear testing for ischaemia assessment and invasive
angiography, on average cardiac CT delivers a lower effective radi-
ation dose of 2–5 vs. 6–21 mSv for single-photon emission CT and
2–20 mSv for invasive angiography.5

Cancer treatment-related
cardiotoxicity

The spectrum of cancer treatment-related cardiotoxicity is broad
and can be due to both systemic treatments and radiotherapy
(Table 1). Systemic cancer therapy can cause several cardiac compli-
cations through different pathophysiological mechanisms, ranging
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..from a direct vasospastic effect to endothelial injury and acute arterial
thrombosis, or long-term changes in lipid metabolism and conse-
quent premature arteriosclerosis.6 Radiation therapy (RT) is an inte-
gral part of cancer treatment in several oncologic conditions,
including Hodgkin and non-Hodgkin lymphomas, breast, and lung
cancers, as well as oesophageal and gastric neoplasia. Radiotherapy
that includes the mediastinal area is associated with an increased risk
of premature coronary artery disease (CAD), valve disease, and peri-
cardial disease.7

Coronary artery disease

Accelerated atherosclerosis is one of the significant manifestations of
radiation-induced cardiotoxicity. The risk of subsequent coronary
events is proportional to the radiation dose. A recent study of more
than 2500 Hodgkin lymphoma survivors showed a 7.4% increase in
the risk of developing CAD per Gray of mean heart irradiation dose.8

RT-induced CAD results from endothelial cell damage, inflammation,
and eventually fibrosis,9 with preferential involvement of the ostia
and proximal segments of the coronary arteries.10

Coronary calcification is part of atherosclerosis development, and
non-contrast CT allows for the quantification of coronary calcium; a
calcific lesion is defined by a computed tomographic density of 130
Hounsfield units having an area >_1 mm.11 The identification of

coronary artery calcium (CAC) was initially established with electron
beam CT,12 but multidetector CT has now become the modality of
choice for CAC evaluation.13 CAC can be quantified by the Agatston
score. A higher score corresponds to a higher risk of acute coronary
events,14 whilst a negative calcium score confers a very low probabil-
ity of obstructive CAD and carries a high negative predictive value in
asymptomatic patients.15

Whilst gated CT allows the most accurate detection of CAC, cur-
rent generation multidetector CT scanners equipped with larger
numbers of detectors and faster gantry speeds mean that non-gated
studies are now able to provide a qualitative CAC assessment that
has been shown to correlate well with gated CT studies and cardio-
vascular outcomes.16 CAC is the best predictor of future events, and
screening oncologic patients undergoing scans for cancer staging is
beneficial.17 Moreover, assessment of CAC on non-gated CT chest
performed for cancer screening staging has been used to identify the
risk of developing CAD in relation to radiation exposure.18 Several
research studies have also been performed assessing the utility of the
CAC score to predict coronary events in patients undergoing RT
(Table 2).

The evidence around the impact of RT on the development of
CAC remains heterogeneous. The Multi-Ethnic Study of Atheroscler-
osis (MESA) study highlighted that a diagnosis of cancer and chemo-
therapy alone or in conjunction with RT was associated with an
increased incidence of developing new CAC compared with the

Figure 1 Different roles of Cardiac CT in screening, diagnosis, and management in cancer patients.
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..general population, even after accounting for atherosclerotic risk fac-
tors.19 Similarly, in a cohort of 47 Hodgkin lymphoma survivors who
received a mean cardiac dose of 40.6 Gy, CAC imaging demonstrated
a strong association between the severity of CAC and the presence
of coronary artery disease verified by angiography.20 On the other
hand, Chang et al.21 demonstrated that patients referred to a cardio-
oncology clinic had similar or less CAC on a chest CT, even though
about a quarter of them received left-sided or whole chest radiation,
compared to patients without a prior cancer diagnosis (and hence no
RT). Another recent study22 on breast cancer survivors compared
subjects with chest CT >_6 months after RT’s start to subjects who
had a CT scan either before or without undergoing RT, demonstrat-
ing a significantly lower risk of a positive CAC score in radiotherapy
patients.

CT coronary angiography (CTCA) can be used to screen patients
undergoing RT as it allows for the identification of CAD and has a
prognostic utility in identifying subjects at increased risk for all-cause
death,23 while a negative CTCA portends an extremely low risk of
cardiac death.24

In patients treated with mediastinal RT and/or cardiotoxic chemo-
therapy for childhood Hodgkin lymphoma, 16% of patients had an ab-
normal CTCA result at a mean interval of 8 years after completion of
cancer therapy, with an almost seven-fold higher risk in patients
receiving mediastinal radiation doses >_20 Gy compared to patients

who did not receive mediastinal RT.25 In asymptomatic Hodgkin
lymphoma survivors treated with mediastinal irradiation, CTCA
abnormalities were detected in nearly 15% of the patients within the
first 5 years after treatment, and up to 34% at 10 years after treat-
ment. Correspondingly, obstructive CAD was confirmed by invasive
angiography in 10% of patients, and 6% went on to receive revascula-
rization.26 Van Rosendael et al.27 studied a population of Hodgkin and
non-Hodgkin lymphoma survivors treated with mediastinal irradi-
ation with or without chemotherapy with non-irradiated controls
matched for age, gender, and risk factors. CTCA demonstrated a
higher prevalence, greater severity, and a more considerable extent
and more proximally located CAD in irradiated patients than
non-irradiated controls. Significantly, more RT-treated patients had
two-vessel CAD, or three-vessel/left main CAD, with more severe
stenosis and more coronary artery plaques in proximal segments.
However, this historic patient population was treated 15–35 years
ago, and contemporary RT now utilizes several measures to minimize
the mean heart dose.28

The risk of an acute coronary syndrome (ACS) is increased follow-
ing RT by �16% per Gray of mean heart dose. A significant dose–ef-
fect relationship was demonstrated between RT volume–dose
distribution and coronary events, highlighting the importance of
reducing heart exposure to radiation.29 CT has also been used to
predict the risk of ACS in relation to the baseline CAC in a study that

....................................................................................................................................................................................................................

Table 1 Cardiac complications of chemotherapy and radiotherapy and their proposed mechanism.

Chemotherapeutic

drug

Mechanism of injury Cardiotoxic effects

Anthracycline Direct myocardial and endothelial injury Heart failure

Trastuzumab Disrupts HER signaling and activates autophagy; affects cardiomyocyte’s ability to

recycle toxic cellular substrates resulting in cardiotoxicity

Heart failure

Vascular endothelial growth

factor signaling pathway

(VEGF) inhibitors

Inhibit the downstream kinase involved in VEGF receptor signaling removes the

positive, stimulating effects on endothelial cell proliferation, which maintains

endothelial viability and vascular integrity

VEGF inhibition-related impairment in the production of nitric oxide and prosta-

cyclin!leads to vasoconstriction, increased peripheral vascular resistance

Increased haematocrit and blood viscosity secondary to overproduction of

erythropoietin

Thromboembolism

Hypertension

Arterial thrombosis

Antimetabolites such as

Capecitabine and 5-

fluorouracil

Direct toxic effect on the coronary endothelium leading to micro-thrombotic oc-

clusion and coronary vasospasm

Acute coronary syndromes

Sudden cardiac death

Angiogenesis inhibitors Transient elevation in factor VIII and vWF and reduction in soluble

thrombomodulin

Thromboembolism

Antimicrotubule agents Chronotropic effect either indirectly through histamine release or directly on the

Purkinje system

Arrhythmia

Heart block

Small molecule tyrosine

kinase

Interaction with myocardial hERG Kþchannels; impeded electrical flow and

delayed impulse conduction

Conduction abnormalities

QTc prolongation

Cytarabine Immune-mediated Acute pericarditis

Radiotherapy Direct radiation to the mediastinal area Premature coronary artery

disease (CAD)

Valve disease

Pericardial disease

CAD, coronary artery disease; vWF, von Willebrand Factor.

Cardiac computed tomography in cardio-oncology 399
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.
evaluated the baseline CAC detected after RT in staging non-gated
CT chest scans in patients with breast cancer.30 A high CAC score
(>100 HU) was associated with acute coronary events, even after
correction for confounding factors, such as age, history of ischaemic
heart disease, diabetes, BMI >_30, mean heart dose, hypercholesterol-
aemia, and hypertension. All these studies showed that the absolute
excess risk induced by RT strongly depends on baseline cardiovascu-
lar risk factors, and therefore, the optimization of cardiovascular risk
factors remains essential.

Current guidelines suggest screening for CAD 5–10 years after
chest irradiation as part of surveillance for late cardiovascular tox-
icity.31 These patients may be minimally symptomatic or even
asymptomatic, despite the presence of inducible ischaemia, pos-
sibly due to concomitant central and autonomic nervous system
damage from radiotherapy.32 Approaches for early detection of
CAD include anatomical and/or functional assessment. CTCA
allows direct visualization of coronary artery atherosclerosis and is
particularly suitable for detecting CAD at an early stage. It has the
unique ability to assess the total coronary artery plaque burden,
severity, composition, and location of lesions, which have clinical
and prognostic relevance.24

The assessment and diagnosis of ACS in cancer patients can be
complicated by haematological abnormalities, such as anaemia,
thrombocytopenia, and coagulation disorders, which portent a higher
risk of invasive angiography complications. Cardiac CT may, there-
fore, represent a valid alternative for the diagnosis of significant cor-
onary artery disease, even in the settings of ACS.33 Moreover, in the
acute settings, when clinical features are overlapping and of difficult
interpretation, cardiac CT can be considered for a triple rule-out
strategy.34

Where surgical revascularization is warranted, cardiac CT pro-
vides a further assessment of potential RT-induced damage to medi-
astinal structures, such as the pericardium, and atherosclerotic
disease to the internal mammary arteries,35 which may complicate
the surgery.

Case example
A 49-year-old man with previous Hodgkin lymphoma treated with
chemo and radiotherapy aged 26 was investigated due to worsening
shortness of breath on exertion on the background of the previous
stenting to the left circumflex artery 2 years prior for angina. The

Figure 2 Coronary, valvular, and pericardial disease in Hodgkin lymphoma survivor treated with chemo and radiotherapy.

Cardiac computed tomography in cardio-oncology 401
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..transthoracic echocardiogram showed moderate to severe aortic
stenosis, moderate mitral stenosis, and septal motion consistent with
ventricular interdependence. Cardiac CT showed severe right coron-
ary artery disease (Figure 2A), mild to moderate disease in the left an-
terior descending artery, and a thickened but non-calcified
pericardium around the right ventricular free wall (0.7 cm)
(Figure 2B). Significant calcification of the mitral valve and annulus and
mild calcification of the aortic valve were also noted (Figure 2C and
D). The patient underwent successful mechanical aortic and mitral
valve replacement with a 21-mm St. Jude aortic valve and a 27-mm St.
Jude mitral valve and bypass grafting.

Valvular disease

Valvular heart disease (VHD) can be a complication of chest irradi-
ation, and the risk of VHD is related to the radiation dose.36

Radiation-induced valvular changes have been described in �6–15%
of patients treated with radiotherapy and usually occur up to 10–
20 years after treatment.37 Heidenreich et al.38 found a 34-fold
increased risk of developing a valvular disease in patients receiving
mediastinal irradiation compared to the Framingham population. The
mechanism appears to be direct damage to the valve, its apparatus,
and surrounding myocardium, causing fibrotic thickening with

valvular retraction leading to stenosis or regurgitation, with the an-
teriorly positioned mitral and aortic valves being most commonly
implicated.39

Multislice cardiac CT is increasingly used as an adjunct for the diag-
nosis and evaluation of VHD, particularly in the setting of aortic sten-
osis (AS). Aortic calcium quantification has become a vital
component of the diagnosis of low-flow, low-gradient AS with pre-
served ejection fraction,40 where the aortic calcium score has been
shown to correlate with the degree of severity.

CT is also crucial to surgical planning as RT is frequently associated
with mediastinal fibrosis and a porcelain aorta, impacting the suitabil-
ity for aortic cross-clamping and cannulation; conventional surgical
treatment of valvular disease is challenging and not always feasible.41

New interventional techniques, such as transcatheter aortic valve
implantation (TAVI) may represent a more favourable treatment op-
tion, and CT also plays a significant role in the work-up and pre-
procedural planning of TAVI procedures.42 Dijos et al.43 have shown
TAVI’s efficacy in radiation-induced AS, which appears to have ac-
ceptable risk, low mortality, and high clinical effectiveness at mid-
term follow-up. Schechter et al.44 corroborated this, who found that
patients with cancer and severe AS who underwent aortic valve re-
placement, predominantly with TAVI, experienced better survival
than those who had no valve replacement regardless of cancer type
or cancer treatment and supports the use of TAVI in this population.

Figure 3 Radiation-induced valvular heart disease.

402 S. Rosmini et al.
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..Fewer data are available instead of the treatment of radiation-
induced mitral valve disease with a transcatheter approach45 and, al-
though transcatheter interventions appear a reasonable alternative
to surgery, the experience in mitral valve disease is limited and
requires further validation.

Case example
A 70-year-old woman had previously undergone mediastinal sur-
gery and radiotherapy for Hodgkin’s lymphoma at 17, on a more
recent background of hypertension and diabetes mellitus.
Transthoracic echocardiography showed moderate mitral stenosis
with a mean gradient 7 mmHg, severe aortic stenosis with peak
velocity 4.4 m/s, mean gradient of 45 mmHg, and aortic valve area
by continuity equation of 0.5 cm2. Cardiac CT showed significant
calcification of the mitral valve and annulus (Figure 3, top row),
aortic valve, and ascending aorta (Figure 3, bottom row). The pa-
tient underwent stress echocardiography with cardiopulmonary
monitoring achieving an adequate level of exercise with no symp-
toms and evidence of good capacity on gas exchange. A follow-up
at 6 months was therefore planned.

Pericardial disease

Mediastinal irradiation can be complicated by acute and chronic radi-
ation pericarditis.46 Its incidence is related to the cumulative radiation
dose, and despite contemporary low-dose protocols, the incidence
of chronic pericarditis increases by a factor of 1.6 in patients under-
going RT for left breast cancer compared to those receiving RT for
right-sided breast cancer.47 More recently, with lower radiation
doses and shielding methods (like subcarinal blocking), the incidence
of radiation-induced pericarditis has significantly decreased from 20%
to 2.5%.48,49

Frequently, in cases of RT-associated pericarditis, especially in the
acute setting, there is an associated pericardial effusion, usually an ex-
udate characterized by high protein count. With time, fibrous adhe-
sions may occur with the development of effusive-constrictive
pericarditis in cancer survivors treated with RT.50

The pericardium can be easily assessed on cardiac CT images;
average pericardium thickness measures 0.7–2 mm.51 CT is superior
to other imaging modalities for the identification of pericardial calcifi-
cation.52 Furthermore, it allows the identification and differentiation
of transudates and exudates. A CT attenuation value of 4.7
Hounsfield unit (HU) or higher provides an 80% sensitivity and 87.7%
specificity for the prediction of an exudative pericardial effusion,53

and therefore high CT attenuation values of a pericardial effusion of
unknown cause may prompt diagnostic drainage to exclude recur-
rent or new underlying malignancy. Cardiac tamponade may be sus-
pected where considerable fluid accumulation causes compression of
the cardiac chambers and right-sided venous congestion. In the same
study, a cut-off value of 6.5 HU provided 71.4% sensitivity and 72.3%
specificity for identifying cardiac tamponade.53

Constrictive pericarditis can be associated with pericardial calcifi-
cation, pericardial thickening, narrowing, or tubular deformation of
the right ventricle, as well as manifestations of venous congestion on
CT.54

Case example
A 59-year-old man with systemic AL amyloidosis received treatment
with Lenalidomide, Bortezomib, and Dexamethasone. In the absence
of symptoms, routine echocardiography revealed a new moderate-
sized pericardial effusion developed over 6 months. Worsening
dyspnoea and lower limb oedema developed, prompting hospital ad-
mission. A cardiac CT showed a small to moderate pericardial effu-
sion along with thickened pericardium (Figure 4A and B, arrows) with
a localized pericardial effusion (Figure 4B, arrowhead). A transthoracic

Figure 4 Chemotherapy-induced pericardial disease.
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echocardiogram confirmed constrictive physiology, demonstrating
ventricular interdependence, respirophasic mitral flow variations, and
plethoric and non-compliant inferior vena cava in keeping with the
clinical suspicion of haemodynamic compromise. A subsequent right-
heart catheterization also confirmed constrictive physiology. A non-
steroidal anti-inflammatory agent and Colchicine were initiated with
only a limited response, and he subsequently went on to a successful
pericardiectomy.

Future perspectives and
conclusion

Improvements in cancer survival in recent decades have resulted
in a large and growing population of long-term cancer survivors.
Ultimately, a comprehensive assessment of cancer treatment-
related cardiac disease in cardio-oncology requires complementary
cardiac CT, CMR, and echocardiography; each modality has par-
ticular strengths and weaknesses. In this regard, cardiac CT has
seen an expanding role in the assessment of coronary artery dis-
ease and provides essential information for the management of
other complications of cancer therapies, such as valvular and peri-
cardial disease.

Cardiac CT is associated with radiation and decreased temporal
resolution compared to cardiac magnetic resonance (CMR) and
echocardiography, which do not utilize ionizing radiation.

On the other hand, cardiac CT has a superior spatial resolution.55

In addition to providing an excellent negative predictive value and
prognostic information for the assessment of coronary artery dis-
ease, retrospectively gated cardiac CT is considered an accurate and
reproducible alternative to echocardiography and CMR for the evalu-
ation of biventricular volumes and function when this information
cannot be achieved due to suboptimal acoustic windows, claustro-
phobia, significant artifact from metallic implants limiting the utility of
echocardiography and CMR.56 Cardiac CT-derived ventricular vol-
umes and EF have been shown to correlate well with CMR as a gold
standard and may be superior to both 2D and 3D echocardiog-
raphy.57 It is a quicker scan, requires shorter and fewer breath holds
and is often better tolerated than CMR. Furthermore, recent devel-
opment in scanners and acquisition techniques allows achieving high-
quality images with lower radiation doses, making the technique
more attractive in this population.58

New techniques in cardiac CT continue to be developed. This
includes the use of vasodilator stress agents that will enable cardiac
CT to assess differences in the myocardial distribution of iodinated
contrast, providing information about myocardial perfusion, identifi-
cation of epicardial and mid-myocardial scar patterns, and estimation
of extracellular volume similar to the tissue characterization provided
by CMR.59,60 Furthermore, strain imaging to detect pre-clinical can-
cer treatment-related cardiac disease can also be calculated with car-
diac CT via velocity gradients between two points in the
myocardium, similar to the information provided by strain imaging on
echocardiography.61 Whilst these techniques remain in the pre-
clinical phase, validation of the data will eventually seek to broaden
the clinical applications of cardiac CT.

Cardiac CT is already an essential adjunct to other cardiac imaging
modalities in diagnosing and screening cancer treatment-related

cardiac disease; the continued development of other applications
promises a diagnostic tool that will offer more outstanding quantita-
tive and qualitative cardiac assessments.

Conflict of interest: none declared.
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