Journal of Cardiovascular Pharmacology Publish Ahead of Print
DOI: 10.1097/FJC.0000000000001281

Multimodality imaging for cardiotoxicity: state of theart and future per spectives

Jessica Artico, MI5’2, Aderonke Abiodun, MBCh%’Z, Hunain Shiwani BMBS, FRd?Z,
Hibba Kurdi MBBS, BS(1;’2, Daniel Chen, BMed, FRA6P3'4, Sara Tyebally, MBBS,
BScl, James C. Moon, sz, Mark Westwood, MBBS, Phb Charlotte H. Manisty,
MBBS, Pth’2

Address

1Cardiology Department, Barts Heart Centre, St Rdotlhew’s Hospital, London, United
Kingdom

Email: jessica.artico@nhs.net; c.manisty@ucl.ac.uk
2 |nstitute of Cardiovascular Sciences, Universityl€ye London, London, United Kingdom
3 Cardio-Oncology Service, University College Londdospital, London, United Kingdom

4 Hatter Cardiovascular Institute, UCL, 67 CheniessgieLondon, United Kingdom

Jessica Artico received funding from the Europeanokiation of Cardiovascular imaging
(EACVI Research Grant App000073878)

Correspondence

Dr Jessica Artico and Dr Charlotte Mainsty
Cardiology Department,

Barts Heart Centre,

St Bartholomew’s Hospital,

London, United Kingdom
jessica.artico@nhs.net, c.manisty@ucl.ac.uk

The authors declare no conflict of interest



Abstract

Modern cancer therapies have significantly improv&dvival leading to a growing
population of cancer survivors. Similarly, both gentional and newer treatments are
associated with a spectrum of cardiovascular dessravith potential long term sequelae.
Prompt detection and treatment of these complioatie therefore pivotal to enable healthy
survivorship and reduce cardiovascular morbiditglvénced multimodality imaging is a
valuable tool for stratifying patient risk, idenfitig cardiovascular toxicity during and after
therapy, and predicting recovery.

This review summarises the potential cardiotoximptications of anti-cancer therapies and
the multimodality approaches available in each eafie special focus on newer techniques
and the added value of biomarkers ultimately legdia earlier diagnosis and better

prognostication.
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Introduction

Over recent decades, remarkable progress has bede m the development of new
therapies for cancer, leading to increased cancevivel. However, alongside these
advances, many anticancer therapies bear a callatffiect of potential cardiovascular
toxicity,™? with a risk of both acute effects occurring durtreatment, and long-term adverse
cardiovascular events occurring many years afteceraremission. Cumulative effects and
complex interaction between genetic background endironmental factors may also
contribute in this setting as also described irepghenotypes of cardiac dysfuncfioh®

To maximise the life-prolonging effect of anticandeeatment and to avoid significant
cardiovascular side effects, a close dialogue amlthhoration between oncologist and
cardiologist is essential in this setting. Indeédenables prompt recognition of cardiac
toxicity, reconsideration of types of cancer thgrapd/or guides decision-making related to
initiation of cardioprotective medications. Oveyaliccurate cardiac evaluation of patients
undergoing cancer therapy is required throughoetddincer patient pathway including 1)
baseline risk stratification pre-treatment 2) sulaece for cardiotoxicity during treatment 3)
investigation and monitoring of incident cardiotaky during treatment and 4) screening for
the late sequelae after completion of treatment.

Modern cancer treatment regimens can lead to vaffimums of cardiotoxicity including left
ventricular systolic dysfunction, myocarditis, coany artery disease, valvular and pericardial
disease. A multimodality imaging approach is esaknb aid diagnosis and subsequent
treatment of these complications (Figure 1). Impobvpre-treatment cardiovascular
assessment enables risk stratification to helpegaltbice of cancer therapies (for example
avoidance of high dose anthracycline regimes, doselification or administration of
alternative preparations including liposomal doxicin), alongside providing a baseline for

subsequent comparison during surveillance intemaling during treatment. Similarly for



patients where coronary toxicities are common, Ibsséschaemia or coronary imaging may
be valuable in those at highest baseline risk.

Echocardiography is generally the first line cacdiamaging investigation used for
cardiovascular assessment throughout the patiemingy in cancer patients, due to
widespread availability, low cost, high patientetalbility and lack of ionising radiation and
hence is recommended in all current cardiology @meblogy guideline$:® Cardiovascular
magnetic resonance (CMR) has a growing role inicavdcology™®* due to its great spatial
resolution and tissue characterization, and ihcsdasingly being used both for surveillance
screening and for assessment of myocarditis, pédigdaand ischaemic heart disease.
Although currently limited by availability, scan @mion and costs, emerging faster and more
cost-effective protocols may pave the way for masdespread use of CMR in cancer
patients. Cardiac computed - tomography angiograp@CTA) and nuclear imaging
techniques enable timely non-invasive assessmefuneotional and anatomical components
of coronary artery disease, and associated radigibses are reducing with recent technical
advance¥™® Alongside non-invasive cardiovascular imaginguse biomarkers including
troponin and N-type natriuretic peptide (NT-proBN#ay a complimentary role to facilitate
early detection of cardiotoxicity.

This review will describe the role of advanced nmudtdality imaging and complementary
biomarkers (Figure 2) and their future perspectindhe different potential toxicities derived
from cancer therapies.

Cancer therapeuticsrelated cardiac dysfunction (CTRCD)

Cancer therapeutics related cardiac dysfunctionRCD) is the commonest form of
cardiotoxicity and is defined as a decline in kgiction fraction (LVEF) of greater than 10
percentage points to a value of less than 50%e potential for anthracycline chemotherapy

to cause heatrt failure has been recognised forsdlfive decades, however other cancer drug



classes including HER2 targeted therapies includirgstuzumab, VEGF inhibitors,
proteasome inhibitors, small molecule tyrosine &nanhibitors and immunotherapy can also
lead to LV dysfunctiol. Given the potential for cardiotoxicity with theseugs, current
guidelines recommend baseline cardiovascular assesgsincluding quantification of
ejection fraction, and then subsequent intervalealiance imaging based on the risk both of
cardiotoxicity from the drugs administered, and plagient’s individual risk®>*. Guidelines
recommend using the same imaging modality througtreatment for serial left ventricular
function assessmefifsand echocardiography is typically the first liest currently, however
other modalities may be used particularly whereoealdiography is challenging, or results
are inconsistent. The inability to detect subtlelides in LV function has the potential to
delay the initiation of cardioprotective medicasorand lead to the development of
irreversible cardiomyopathy. Similarly, over-diagieof CTRCD may lead to inappropriate

cessation of first line cancer therapies.

Echocardiography

The calculation of LVEF using echocardiography byumetric assessment using Simpson’s
Biplane is currently the recommended first line ging modality for assessment of the left
ventricular systolic function in patients at baseliand during surveillance, Figure 3. Good
acoustic windows are crucial for accurate measungsneand this may be challenging

especially in post mastectomy patients, in patierntis breast reconstructions and in patients
post radiotheragy.

Surveillance for CTRCD requires serial imaging tmtection of small changes in LVEF

between scans. 2D echocardiography is known to higyetest-retest variability (10-11% on

previous studi€d?*), and although improved by the use of transpulmprn@ontrast



administration, more precise methods may be reduimeorder to aid accurate clinical
decision making regarding the continuation or cessaf cancer treatment.

3-Dimensional echocardiography

Ventricular volumes and LVEF obtained by 3D haverbshown excellent correlation with
those obtained by MB1 2 (considered the gold standard modality for measarg) and this
has also been shown to be the case in breast cpatents on trastuzumab at baseline, 6
months and 12 months after treatment initiatiord @7 at baseline, r=0.91 at 12 months)
Thavendiranathan et al demonstrated in 56 stall@sbcancer patients on chemotherapy that
non contrast 3D echocardiography using semi-autedngimantification methods had superior
test-retest variability (6%) and superior inter amila observer variabilif) when compared
to contrast 3DE, contrast enhanced 2DE and nonasir2DE. 3DE is therefore the preferred
technique of choice for monitoring LV function addtecting CTRCD in cancer patiehts
Limitations of 3DE are poor temporal and spatiglotation, dependence on high quality 2D
imaging, and dependence on further operator trgiamd due to cost, there is limited access
in many institutions.

Global longitudinal strain measurement

Whilst LVEF is an important marker in the assessnanglobal left ventricular systolic
function, LVEF can be preserved in patients witlp&mned systolic function as it does not
reflect intrinsic myocardial contractility. Strais a measure of myocardial deformation and
reported as a percentage change in length or tbsskof the LV myocardium in relation to its
original length or thickness. Strain can be measurecircumferential, radial or longitudinal
planes however it is global longitudinal strain &Lthat has the highest body of clinical
evidence and it has been shown to be a superidicpse of all-cause mortality to LVEE
Multiple studies have validated the use of the Giidex as a biomarker of subclinical left

,é4,28

ventricular dysfunction secondary to cancer treatf with prospective data from 81



breast cancer patients receiving trastuzumab withwithout anthracyclines, an 11%
reduction in GLS at 6 months compared to baselias wsignificantly associated with a
subsequent change in LVEF of >10% at 12 mohthBurther studies have also corroborated
these findings in the breast cancer seffifigand also in paediatric populations treated with
anthracycline®. Looking at strain by feasibility, 3D EF and 3Dash showed a potential
superiority, but also suboptimal feasibility comgrhrto standard echocardiography in
diagnosing subclinical ANT cardiotoxicity in breasancer patients, while 2D GLS is
superior to standard echo and presents a goodfiigsY.

Therefore, current international guidelines recomdneneasurement of GLS in all patients
undergoing screening for CTRED*, using a reduction in GLS of >15% to be signififan
The use of change in GLS to guide initiation ofdiaprotective medications in patients
receiving anthracyclines has been assessed progbgctgainst a cohort receiving standard
care (cardioprotective medications started follgnam absolute reduction in LVEF >10%) in
the international multicentre SUCCOUR study. Whtls¢ use of cardioprotective therapy
was higher in the GLS arm, there was no significhifiérence in LVEF between both groups
at 1 year follow uf?.

Further long-term randomised trials are requireddcertain whether GLS predicts persistent
long term LVEF changes. Disadvantages of GLS ireludliance on high quality 2D
imaging, inability to calculate values in the pmese of varying heart rates or arrhythmia, and
due to the presence of multiple vendors, resuéiat transferable across differing software
packages. GLS is also subject to loading conditwhieh may vary significantly at different

stages of treatment.



Contrast echocar diography

The use of transpulmonary contrast agents durimgpcardiography improves endocardial
definition, and hence reproducibility of LVEF meesment'™ ASE EAE consensus
guidelines recommend the use of contrast agents whe contiguous LV segments cannot
be visualised on apical windows on non-contrasige$®*’. In cancer patients requiring
frequent cardiac imaging for CTRCD surveillancentcast echo is advantageous to non-
contrast 2D echo due to superior reproducilifiity particularly in patients with suboptimal
non-contrast echocardiographic imaging. Additionaltontrast echocardiography is
advantageous in cancer patients as it improvedeghasition of intracavity structures such as
ventricular thrombi which may occur in the context CTRCD typically appearing
hypointense due to lack of vasculafityContrast echocardiography does however require
intravenous cannulation which can be problematricstime patients during chemotherapy,
particularly for breast cancer patients where lyogagtema may reduce access sites requires.
However, it has been shown to be feasible in aelastydy with breast cancer patients
undergoing imaging surveillanfe Additionally, it is quick and relatively cheapropared to
using other imaging modalities. Large studies hsivewn that contrast is safe in acute and
stable patients and is not associated with exabssrse events**although anaphylaxis can

rarely occur.

CMR

CMR has shown to have the highest reproducibility rheasurement of LV volumes and
ejection fraction for serial imaging in patientsttwiCTRCD compared to other imaging
modalities including echocardiograpHy.****CMR is not dependent on acoustic windows,
uses no radiation and also has other inherentrisataocluding tissue characterisation making

it an ideal imaging tool for the evaluation of dardncology patients.



Myocardial strain can also be calculated from CMRages — both using dedicated sequences
(tagging, SPAMM, SENC) and from standard cine imggwhere feature tracking (FT)
software can derive global and regional longituticacumferential and radial strairt>*
Reductions in FT-derived markers of strain havenbdemonstrated to correlate with
subclinical declines in LVEF in patients receiviogrdiotoxic cancer treatments, and have
been shown to be impaired late after anthracyameEmotherapy in adult survivors of non-
Hodgkin lymphoma, providing a possible future ednitymarker of CTRCD”.

Using dedicated fast strain-encoded CMR imagingst{&NC) sequences, real-time
myocardial strain can be acquired within a singéartbeat and commercial MyoStrain
analysis software calculates the percentage ofMJefitricular myocardial segments with
strain <-17%, and thereby provides a measure of cardiactitm®®’. Emerging data
suggests that fast-SENC imaging may provide anrateand sensitive tool for prediction of
those at risk of developing cardiotoxicitylongside early detection.

Tissue characterization

CMR has the unique ability to provide tissue ch@mazation, which may offer additional
insights into the underlying pathophysiology ofdiatoxicity alongside potentially providing
additional prognostic information. Late gadolini@mhancement, the most widely used tissue
characterization tool, is able to detect focal ddds and myocardial injury and has been
consistently shown to provide prognostic informatiom many cardiovascular diseases
including ischaemic heart disease and cardiomygpaBor common presentations of
CTRCD (including secondary to anthracyclines or RERrgetted therapies) however, LGE
is not commonly seen and focal fibrosis is notaifes®°:

Parametric mapping techniques are however ablenterrogate and measure other
pathophysiological myocardial processes that mapresent in CTRCD, including diffuse

fibrosis (using T1 mapping and extracellular volufnaction (ECV) measurement) and



myocardial oedema (using T1 and T2 parametric nmgppMyocardial tissue abnormalities
such as intracellular and interstitial oedema aihdo$is may precede the reduction in
myocardial strain or LVEF?®3in CTRCD.

Diffuse myocardial fibrosis, measured by T1 mapmng ECV, seems to be a late feature of
anthracycline-induced cardiotoxicity and to be asged with impaired diastolic function,
independently of underlying cancer or cardiovascateditions®®®% In cancer survivors, an
increase in ECV is likely a marker of interstitfddrosis and has been associated with higher
anthracycline doses and lower exercise capatitybeing ECV generally elevated on
completion of treatment in patients with CTRED T1 mapping may vary by timing of
imaging during anthracycline therapy. In fact, @eotstudy performed in the early stages
after anthracycline administration (48 h post-chérampy) demonstrated reduced T1 values,
with no changes in T2 or ECV, in patients who lateveloped cardiotoxicitSf.

Other studies using multiparametric mapping fouledaed T2 values early after initiating
anthracycline therapy, suggesting that myocardeglemsna may appear early after initiating
cancer therapy (<3 monthsy’. A translational porcine study, demonstrated, rafte
administration of doxorubicin, the presence of edisT2 levels prior to any detectable
changes in T1, ECV, or myocardial function and thas correlated with histological
findings of intracardiomyocyte oedem¥. Furthermore, it showed that, continuing
administration of doxorubicin, LVEF declined and add ECV increased while, if the drug
was stopped when T2 values increased, there wesllogequent changes in T1, ECV, or
LVEF. These findings are still based on small nurelend need confirmation by broader
studies but propose a pathophysiological pathwayafihracycline cardiotoxicity whereby
early (reversible) myocardial oedema is followeddiyjuse myocardial fibrosis. They also

suggest a starting point for the creation of pdsdibiture imaging biomarkers able to detect

10



CTRCD at a very early stage and promptly reconsidacology treatment and/or
cardioprotective treatment.

CardiacCT

The role of cardiac CT for assessing for canceattnent related cardiac dysfunction is
limited, with echocardiography and cardiac MRI pdavg the mainstay of assessment and
surveillance in cardio-oncology patients. Howewerselect cases, where other non-invasive
methods are inadequate, cardiac CT may be usée iquantification of LV and RV function
with retrospective gatin§®. This is not standard practice due to the cumuedatiadiation
doses and contrast usage required for serial ¢asgoity screening.

Nuclear

A wide variety of nuclear medicine technigues mayemployed in monitoring the effects of
cardiotoxicity in cardio-oncology patients includiimulti-gated radionuclide angiography
(MUGA), single-photon emission computed tomogragBYECT) and positron emission
tomography (PET). Although previously MUGA was teehnique most commonly used for
cardiotoxicity surveillance, its use has been sigamtly reduced in contemporary times.
Whilst nuclear medicine techniques have high repcdality in assessing LVEF, they are
limited by their lack of assessment of other carditauctures, their high radiation dose and
the limited availability compared to echocardiodnap’.

Complimentary Role of Biomarkers

LV dysfunction or CTRCD is the most widely studiedd point of cardiotoxicity in trials
looking at imaging modalities and complementaryrmokers. Troponin and brain natriuretic
peptide (BNP) are the most common both in mainstreardiology and in current data on
cardiac toxicity.

Most data to date have been obtained from studipat@nts receiving anthracycline therapy

.72 The relationship between elevated troponin andlyeaV dysfunction via
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echocardiography (2D, Simpson’s biplane), in pasiereceiving chemotherapy has been
previously demonstrated by Cardinale et®al> Not only were they able to demonstrate this
positive correlation but also were able to usettbponin values to predict those less likely to
recover from chemotherapy (trastuzumab) inducedli@doxicity despite optimal heart
failure managemert.

The largest study of trastuzumab induced cardiottyxis the HERA trial by Zardavas et al
% which observed that an elevated cardiac troppost-anthracycline treatment but before
trastuzumab (baseline pre trastuzumab) predictedchwhwomen developed future
trastuzumab-induced cardiotoxicity, whereas tropasurveillance during trastuzumab was
not sensitiv&’. Other studies demonstrated that troponin didpnetede the development of
CTRCD”. This indicates that although troponin is a séresimarker of cardio-toxicity in the
active treatment phase and immediately post tra#ttnitanay be less sensitive as a marker of
sub-clinical cardiotoxicity in the post treatmeuatweillance phase.

NPs have a variety of roles in detecting cardiaeibx and surveillance. They have been
shown to be useful in acute cardio-toxicity relatedanthracycline therap{’ and as a
screening tool for cancer patients receiving ther& 8%, supporting a combined biomarker
and imaging approach in the surveillance of cacdicity. However, there still remains some
disparity, with some studies unable to demonsteatstatistically significant relationship
between NPs and cardio-toxidity This can in part be explained by differencestinlg set
up including timing of serum sampling and follow, wiifferent unmatched study cohorts with
different treatment therapies and variable cut fffBNP.

Inflammation is a common pathway underlying cammecesses and cardiovascular disease
and therefore markers of inflammation are consdi@rgortant biomarkers of cardiotoxicity

8 The most studied marker is C-reactive proteinRERin acute phase reactant produced by
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liver cells due to stimulation by interleukin-6 whiis in turn produced by macrophages and
T cells®.

Elevated levels of CRP have been linked to redwaédunction in an array of CV disease
including myocardial infarction and heart failufd A study of 54 patients receiving
trastuzumab showed that increased levels of CRPdetected a median of 78 days before
cardiotoxicity became evident as defined by a desgan LV function on echocardiography
8 However, other studies have failed to demoressanilar results, which again may be due
to other confounding factors and variation in stuidgign, cancer diagnosis and treatment

options®”#

I schaemic Heart Disease and vascular disease

Several anti-cancer treatments are known to catlezosclerosis, coronary vasospasm and
arterial thrombosis, eventually leading to acuteoaaydial infarction or ischaemia. They
include platinum-based compounds, fluoropyrimidjnesnune checkpoint inhibitors (ICIs),
vascular endothelial growth factor receptor (VEGRhibitors and as a late sequala of
radiotherapy® %1

Currently, the assessment for ischaemic heart sksgathe context of patients undergoing
cardio-oncology treatments is mainly indicated fbr:baseline risk stratification prior to
administration of cancer treatments associated wotionary event 2. Risk stratification pre
major cancer surgery 3. Investigation of acuteictodic events 4. Late effects screening
Echocardiography

Resting and stress echocardiography plays an iaorble in the investigation of these
patients. Specifically, stress echocardiographyhquseither exercise or pharmacological
stressors such as dobutamine is established fecta®t of functionally significant epicardial

coronary artery disease. Additionally, stress ealtiography is a useful method for
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assessing myocardial viability, LV contractile nege (LVCR) and ischaemia. It therefore
could potentially be used to aid baseline risktgtcation in patients with an intermediate or
high pre-test probability prior to undergoing treants which may induce coronary evénts
as well as being beneficial in guiding decisionsrewvascularisation in patients who develop
acute cardiotoxic events.

CMR

CMR, and especially stress CMR, has a significala for the detection of acute and chronic
ischaemi&’® providing an assessment of myocardial viabilitg WiGE imaging, functional
perfusion abnormalities using stress first pasfup&m imaging, alongside the gold standard
measurement of ventricular functidh®™ Importantly, thanks to its’ unique ability fossue
characterization, it is able to investigate andydése coronary mimics, such as myocarditis
or tako-tsubo cardiomyopathy — both relatively camnncauses of acute cardiotoxic events.
In the setting of cancer patients, CMR is currerdlgo used both for baseline risk-
stratification in high-risk patients prior to majaancer surgery or treatments generally
associated with coronary events, and during treattnfier the assessment of patients

presenting with chest paffi””.

CardiacCT

Coronary CT has excellent sensitivity and a higgatige predictive rate for detection of
coronary artery diseaS@ It may therefore be used as a negative preditbigkin excluding
CAD in patients due to receive chemotherapy oratamh. Additionally, Fractional Flow
Reserve as calculated by CT (FFRCT) is able toigpradhich patients are likely to have low
cardiac event rate¥. Cardio-oncology patients may have platelet otticig abnormalities
secondary to their disease or cancer treatmenthifitenaking them high-risk candidates for
invasive coronary angiography (ICA). CCTA can bediss an alternative in this patient

group with study showing high correlation with amgjiaphic findings'®®>. Guidance by the
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European Society of Cardiology (ESC) suggestsghtents undergoing therapies potentially
linked to IHD should be screened with an appropriataging modality, including cardiac
CT. With regards to radiation-induced CAD, as tegelopment occurs >5 years post-RT, a
screening at this point is reasonable. HowevediaarCT is currently not recommended as a
routine surveillance todf.

Nuclear

Non-invasive measurement of myocardial perfusioth wuclear medicine techniques are a
viable option in the cardio-oncology patient popiola who are likely to experience
premature ischaemic heart dised®e SPECT Myocardial Perfusion Imaging (MPI) is still
one of the most available and most widely usedriecies for the assessment of significant
coronary artery disea®@ Its widespread use in evaluating coronary artisgase has also
been validated in cancer patient populaffdrSPECT can be used to evaluate an individual
prior to treatment and determine the level of mydied ischemia, does not require exercise
and is not limited by a post-treatment morbid SaRET MPI whilst previously used only to
assess tumour burden, can now be used in thegsefticardiotoxicity. PET MPI is able to
measure the myocardial perfusion reserve (MPRvatlg for more absolution quantification
of myocardial blood flo#’*. However, it has only been used experimentally toe
assessment of chemotherapy or radiation induced teedcity and is not currently used in
mainstream clinical practic® .

Complimentary Role of Biomarkers

Although troponin assessment is widely used foectein of acute coronary events in the
general population, its use in cancer patient®mpiicated by the relatively high prevalence
of small troponin elevations occurring during canteatment!°®*°” A study by Ky et al
investigated the use of multiple biomarkers knowrbé associated with CV disease and

found that a rise in absolute troponin levels to dssociated with increased risk of
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cardiotoxicity '°® This pattern has also been seen in other camtiology toxicity trials,
including in those receiving anthracycline therdpy®® Other groups have suggested that
using baseline troponin with incremental values isetter predictor of cardio-toxicity than
absolute numbet¥. The problem in translating this into clinical ptiae is that the studies

use end points of myocardial injury that encom@agsde range of cardiovascular disease.

Myocar ditis

Several anti-cancer treatments are known to caugecanditis ' including proteasome
inhibitors, tyrosine-kinase inhibitors, chimerictigen receptor T-cell (CART) therapy, and
most importantly immune checkpoint inhibitors (IC&nd. Fulminant myocarditis has been
detected in 1.16% of patients taking ICI, with erstion a median of 34 days after
initiating ICls, and major adverse cardiac evemsluding cardiogenic shock, complete heart
block and life threatening arrhythmias, were repaiin almost half of the patients with ICI
myocarditis'*2

Echocardiography

Abnormal findings may include depressed left venlar function, the presence of regional
wall motion abnormalities and presence of a pedieheffusion. It is important to note that
preserved ventricular function does not exclude tlagnosis and in one small study with 35
patients with confirmed ICI myocarditis the LV syt function was preserved in 51%%
There is some evidence to suggest that GLS ha®rgst role in this condition and in one
study involving 101 patients with ICI myocarditiGLS was lower compared to controls in
both those with preserved (60%) and reduced LVEFranre importantly a low GLS was

significantly associated with MACE irrespectivelafEF**.

CMR
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CMR is a well-recognised imaging technique for gails with myocarditis. In fact, the Lake
Louise criteria**®, which include T2-weighted STIR imaging, T1 and Mapping imaging,
as well as LGE, are widely used for diagnosis amditoring of myocarditis, as well as for
its prognostication. A recent international studypatients with ICl-associated myocarditis
(figure 4) who underwent CMR described very hetermpus cardiac findings in this subset
of patients, which seem to have different charattes than the classic lymphocytic, post-
viral myocarditis'*®. Similar to echocardiographic findings; 61% ofigats had a preserved
LVEF, however myocardial oedema was only preserdlmmost one-third of patients. LGE
was present in nearly half patients and the paiémGE was very variable and included
diffuse, subepicardial, midmyocardial, and subeaddial/transmural. Most notably, LGE
was present in only 22% of patients when scanndairwg days of admission but visible in
72% of patients if the CMR was performed on orraftey 4 of admission, suggesting that
timing of CMR has a pivotal role for the detectiohlCl-associated myocarditis. The use of
CMR for diagnostic of ICI-induced myocarditis mayable avoidance of invasive
endocardial biopsy in patients where clear Lakeid@griteria are fulfilled, however normal
CMR findings do not rule out myocarditis where athinical or biochemical abnormalities
are detected.

Cardiac CT

Standard Cardiac CT imaging is poor for detectibmgocarditis, however dual energy CT
(DECT) can enable quantification of myocardial eg@llular volume (ECV) and therefore
may be a useful alternative when CMR is not avélaly’ and also for ruling out coronary

events.
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Nuclear Medicine

FDG PET/CT provides metabolic evidence of inflamoratwith areas of increased
myocardial FDG uptake, and showed close spatiaklaion with CMR for the assessment
of myocardial inflammation in myocarditi. In this context, imaging PET/CT, might be
beneficial in the diagnostic work-up of myocarditi®llowing anticancer therapy,
119 12%3lthough evidence supporting PET/CT specificallytie domain of cardiotoxicity is
lacking.

Complimentary Role of Biomarkers

In patients receiving ICI therapy troponin has bskown to be effective in guiding response
to therapy and in those who develop myocarditis,omby is troponin useful for the diagnosis
but also for monitoring safe dischargé™® Similarly, troponin was found to be important in
those receiving CAR-T cell treatment, being eledtate94% of patients in a study looking at
CV abnormalities?’. There is no data from studies describing othemhirkers including
NPs in myocarditis, however, CRP is also of paléicuinterest as a biomarker of

cardiotoxicity in those receiving CAR-T cell theyags it is important for early detection of

cytokine storm syndrome as a consequence of thagihe

Takotsubo cardiomyopathy

Takotsubo cardiomyopathy can be an adverse evdatedeto cancer therapy and is
associated with higher odds of in-hospital monyadind long-term mortality when compared
with patients with takotsubo aloff **- Several chemotherapy agents have been associated
with Takotsubo, including fluoropyrimidines, Immuraeckpoint inhibitors and tyrosine
kinase inhibitor”.

Echocardiography
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Echocardiogram is the first-line imaging modalitthe wall motion abnormalities typically
involve akinesia and ballooning of the mid-cavitgdaapex of the left ventricle with
hyperkinesia of the base of the heart, with rediovad motion abnormalities extend beyond
a single epicardial vascular distributtéh*?’ however, atypical forms of Takotsubo
cardiomyopathy have also recently been desclfied

CMR

CMR provides a comprehensive assessment and hasrizgeasingly used to diagnose this
condition and to differentiate from acute coronagndromes or from different types of
cardiomyopathi€$®. Although late gadolinium enhancement is generadlysent,
myocardial oedema of the mid and apical segmenisbeaseen on T2 weighted imaging,
appearing as a high intensity signal with a diffaseransmural distributidi®. T1 and T2
mapping show a basal to apical gradient increaseaines,™’, enable quantification and
hence permit monitoring of Takotsubo cardiomyopdtfgure 5). In addition, CMR can also
help enable identification of thrombus in the veshs not seen on echocardiography, and

better assess the RV which is involved in 26% tiepés 2.

Nuclear

123I-MIBG scintigraphy has been used to evaluatkofcubo cardiomyopathy, showing
decreased uptake of 123I-MIBG in the inferior waaild apex, corresponding to the akinetic
areas of myocardial stunning. Interestingly, re8tn%c-sestamibi images performed the

following day for comparison show normal up-takexieas of decreased 123I-MIBS

Pericardial Disease
Acute pericarditis disease and pericardial effusioray occur as a complication of a range of

cancer treatments such as anthracyclines and dwadpbamide and may also occur
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following radiotherap}{?**. Pericardial disease can also represent a long-tensequence of
radiation therapy to the chest — particularly whaesantle field radiotherapy is used, causing
pericardial thickening and constrictive physiology.

Echocardiography

Whilst echocardiography typically the first lineaging modality in suspected pericarditis, it
is not uncommon for appearances to be normal. Ecmgraphy is however useful to
assess the size, location and haemodynamic signdeof pericardial effusions and to guide
interventions such as pericardiocentesis. Consticpericarditis is an uncommon but
important late sequela of radiotherapy and patienlistypically present with right heart
failure. 2D echocardiography is useful in the alitassessment in assessing pericardial
thickening, respiratory ventricular interdependenaad Doppler inflow variation on the
tricuspid and mitral valves.

CMR

CMR permits direct visualisation, functional assesst and tissue characterisatibrof
pericardial disease, and is superior to echocardpity in the diagnosis of pericardial
thickening ‘which may be present in acute pericardit particularly where dedicated T1
weighted fat imaging is performed. Pericardialdlean be distinguished from the pericardial
layers with cine SSFP imaging in which the pericardhas low signal intensity in contrast
to the high signal intensity of pericardial flulls the whole pericardium can be visualised on
CMR, the volume, distribution, presence of locudat and subsequent haemodynamic effect
of pericardial effusions can be effectively assdss#ng CMR. Furthermore, characterisation
of pericardial effusions is possible with CMR agigardial T1 values have been shown to
correlate with pericardial protein content. Perltalr protein content is inversely correlated
with pericardial T1 values and therefore CMR hasrbshown to have a high diagnostic

accuracy for transudative pericardial effusiond.&8f (95% sensitivity, 81% specificity) and
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the ability to help discriminate between transugaand exudative effusions and may negate
the need for invasive pericardiocentesis in the adsa transudative pericardial effusioh
Guidelines recommend investigation with CMR to asseyocardial involvement using
parametric mapping. Finally, following administati of intravenous gadolinium-based
contrast agents, enhancement of the pericardiustrasigly suggestive of an inflammatory
pericardial process’.

CMR may provide additional diagnostic assessmepeadtardial constriction, with real time
free breathing cine sequences allowing assessmdém effects of respiration on ventricular
filling and the demonstration of ventricular intepizndence which is key in the diagnosis of
pericardial constrictioli’. Whilst there is-an inability to detect pericatd@lcification,
pericardial thickening is present in around 82%a$e$*® Associated extracardiac features

such as ascites, pleural effusions and dilatedtloeypzins are also seen on CMR.

CardiacCT

Cardiac CT is able to distinguish the pericardagker from the surrounding pericardial fat. It
can identify both pericardial thickening and perital calcification caused either by
malignancy or secondary to treatment in the caoticelogy patient. The ability to detect
pericardial calcification helps to distinguish betm constrictive and restrictive ventricular
filling patterns, *** and is essential for pre-procedural planning ptirpericardectomy.
Similarly to CMR, it is also able to detect (figuB¢ and quantify the volume of pericardial
effusion and to in select cases distinguish betviearsudate and exudaf&

Nuclear

Nuclear medicine techniques, particularly FDG-PETgy be used to identify neoplastic
involvement of the pericardiurt™. It is also able to identify acute or chronic partlitis and

detect the burden of inflammatory tissdé
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Complimentary Role of Biomarkers
There are no studies looking at the role of bioraexkin pericarditis. The presence of a

positive troponin level would signify myocardiavimlvement

Valvular Heart Disease

Valvular heart disease may occur as a complicaifazancer treatment most commonly as a
direct consequence of radiotherapy, due to infectimdocarditis related to the presence of
indwelling catheters and also as secondary migglingitation due to annular dilatation
resulting from CTRCD.

Echocardiography

Resting transthoracic echocardiography is the fire imaging modality in patients with
suspected valvular heart dised5é*> Radiotherapy typically affects the left sided fhea
valves with the aortic valve being most commonligeted and valvular dysfunction occurs
insidiously over many years following treatment lwia median onset of 22 yeHfs
Spectrum of echocardiographic findings include legafibrosis, retraction, thickening and
calcification and lesions can be stenotic, regargitor mixed. Calcifications commonly
extend to the subvalvular apparatus and aorto-haitratinuity.

Studies have shown that mild valvular diseasedgsmamon finding at 10 years post radiation
exposuré* Y There is no consensus guideline on how frequeatiyonitor patients post
radiotherapy but in one review it is suggestededgsm the first study at 10 years following
radiotherapy and at varying subsequent intervgiguging on the findings showil

In patients with poor transthoracic windows andosased clinically important valve disease,
transoesophageal echocardiography (TOE) is indicaaed may particularly be required
where endocarditis is suspected in patients witlitropaenic sepsis secondary to cancer

treatment.
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Furthermore, Stress echocardiography (SE) playsmgortant role in the assessment of
native valve lesions by providing a comprehensisgeasment of the valve and ventricular
function mainly during exercise but also with lowse pharmacological agetts'*®. Stress
echo in this context would be most useful in pdsewth radiation induced valve disease.
CMR

CMR can have a complementary role to echocardidgyraphen there are poor acoustic
windows or echocardiographic measurements are egiaot *°>. CMR, in fact, allows
measurement of biventricular volumes and functamsessment of valve morphology as well
as valvular flow and regurgitation quantificatiosing phase contrast imaging methdds
CardiacCT

Cardiac CT contributes to assessment of total @weive calcium burden in aortic stenosis
and pre-procedural planning. It plays a particylamportant role in the workup of patients
undergoing a transcatheter aortic valve implanmeioAVI) *% For cardio-oncology patients
who, as a result of treatment, may have secondana-eardiac complications related to
treatment including mediastinal stenosis, cardi@idsdnvaluable to surgical plannirit.
Nuclear

Nuclear medicine techniques have a limited roléhanassessment of valvular heart disease.

PET/CT is however able to identify endocarditishniéasonable sensitivity®.
Complimentary Role of Biomarkers
There are no trials exploring the use of biomarlerd their association with cardiotoxicity in

valve disease.

Futur e Per spective
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The future of cardio-oncology lies in the earlyedfion of cardio-toxicity and its prompt
treatment, with the aim of minimising the burdencafdiovascular morbidity and mortality
in cancer patients treated with cardiotoxic agefitsis can be achieved through the
appropriate use of multiple imaging modalities aadnplementary biomarkers in order to
guide management. The main challenges ahead indluelepaucity of evidence from
randomised controlled trials and the heterogenicitymaging findings given the complex
nature of oncology diagnosis and treatment regimens

Future directions in this field include Phosphornagnetic resonance spectroscopy (31P-
MRS), which has been used in animal models to demmate alterations in energetics that
precede contractile dysfunctidh Other promising avenues include hyperpolarisedl MR
which has been promising in detecting cardiac nwisi changes in vivid® and diffusion
tensor imaging which can detect changes in myoahrdicro-structure and therefore has
potential to detect early changes associated waithiatoxicity*>°.

With regards to blood biomarkers, an increasing memof centres are evaluating the role of
serum biomarkers combined with imaging biomarkerstlie detection and surveillance of
cardiac toxicity. Furthermore, interest in the digery of newer biomarkers has peaked in
recent years. Some Myeloperoxidase (MPO) producedsacreted by leucocytes has been
shown to have a role in predicting adverse outcomescute coronary syndromes where
troponin levels have not been elevatéy It has been shown to work synergistically with
other cardiac biomarkers such as troponin to aidté diagnosis of early cardiotoxicit$.
Other novel biomarkers include microRNAs thought e important in a range of
inflammatory conditions but have yet to be usedardio-oncology trials.

Conclusion

Our review highlights the important and varied solbat multimodality cardiac imaging has

in the assessment suspected cardiotoxicity fronologyg treatments. Central to cardio-
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oncology is a growing need for a range of non-im@biomarkers (both blood and imaging)
that are accurate, precise, and reproducible, tdegancology treatment choice thereby
minimising long term CV complications. Regardlesshow effective these new techniques
are, there is unlikely to be a one size fits alprapch to detecting cardiotoxicity, rather a
multi-disciplinary, multi-modality with complememta biomarkers approach. The rapid
development of novel cancer therapies, each wghown spectrum of cardiotoxicities,
demands an armamentarium of imaging and blood bkemsa able to detect and direct
appropriate treatment to prevent cardiovascularbrddy and enable healthy cancer

survivorship.
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Figurelegends

Figure 1: The role of multimodality imaging in detectingriaus cardiotoxicities with their
most common agents/therapies described

Figure 2. Flowchart of the potential role of multimodality imaging farancer therapy
induced cardiotoxicity

Figure 3: Transthoracic echocardiogram in a 61-year-oldalenpre and post treatment for
breast cancer. A 61 year old female following 8leycof anticancer treatment for breast
cancer consisting of 8 cycles of anthracyclines HEdR2 targeted therapies. Pre-treatment
echocardiogram in the apical 4 chamber view intdle&) and systole(b) showed preserved
left ventricular ejection fraction of 61% on Simp& Biplane (d) with a normal GLS of -
21%(e). Post-treatment echocardiogram in the apicahamber view in diastole(e) and
systole(f) showed severely impaired left ventrictdgection fraction of 25% on Simpson’s
Biplane(g) with a markedly reduced GLS of -6.5%(h).

Figure 4. CMR in a patient receiving nivolumab for colomdotancer. A 79-year-old female
presenting in complete heart block 11 days posttrirent with nivolumab for colorectal
cancer recurrence. Late gadolinium enhancementesega on cardiac magnetic resonance
imaging (a, b) showed subepicardial enhancemenltenanteroseptum as depicted by the
white arrows. Corresponding quantitative T1(c) d2¢d) mapping values in a 1.5T scanner
showed elevated T1 (1082ms, normal range: 970%0 hfs) T2 (53 ms, normal range: 40 to
51 ms) values.

Figure 5: Imaging modalities evaluating Tako-tsubo cardiopatby. Echo (panel a and b)

and CMR cine imaging (panel ¢ and d) demonstrasalbdayperkinesis with mid and apical

akinesis resulting in apical ballooning. This istifier demonstrated on LV ventriculogram
(panel e) producing the typical ‘octopus pot’ shawkich lends the syndrome its

name. Tissue characterisation confirms prolongatioml (1059 to 1139 ms; normal range
970 to 1050) (panels f and g) and T2 (54 to 61rognial range 40 to 51ms) (panels h and i),
most prominent in the mid to apical segments.

Figure 6: Contrast enhanced CT (non-gated) in a femaleepiatvith a previous history of
osteosarcoma. A 55-year-old female presenting witinsening shortness of breath on a
background of previous osterosarcoma in the leteraor chest treated with surgery,
chemotherapy and radiotherapy 23 years ago. Corgrdmnced CT chest demonstrated a
moderate sized global pericardial effusion as dediby the white arrows.
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