Hindawi

Cardiology Research and Practice

Volume 2022, Article ID 1910841, 14 pages
https://doi.org/10.1155/2022/1910841

Review Article

@ Hindawi

Herceptin-Mediated Cardiotoxicity: Assessment by
Cardiovascular Magnetic Resonance

Jin Jiang ! Boyang Liu ,12 and Sandeep S Hothi 1,2

"Heart and Lung Centre, New Cross Hospital, Wolverhampton, UK
2Institute of Cardiovascular Sciences, College of Medical and Dental Sciences, University of Birmingham, Birmingham, UK

Correspondence should be addressed to Sandeep S Hothi; sandeephothi@gmail.com
Received 1 May 2021; Revised 12 October 2021; Accepted 20 January 2022; Published 27 February 2022
Academic Editor: Francesco Paciullo

Copyright © 2022 Jin Jiang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Herceptin (trastuzumab) is a recombinant, humanized, monoclonal antibody that targets the human epidermal growth factor
receptor 2 (HER2) and is used in the treatment of HER2-positive breast and gastric cancers. However, it carries a risk of
cardiotoxicity, manifesting as left ventricular (LV) systolic dysfunction, conventionally assessed for by transthoracic echocar-
diography. Clinical surveillance of cardiac function and discontinuation of trastuzumab at an early stage of LV systolic dys-
function allow for the timely initiation of heart failure drug therapies that can result in the rapid recovery of cardiac function in
most patients. Often considered the reference standard for the noninvasive assessment of cardiac volume and function, cardiac
magnetic resonance (CMR) imaging has superior reproducibility and accuracy compared to other noninvasive imaging mo-
dalities. However, due to limited availability, it is not routinely used in the serial assessment of cardiac function in patients
receiving trastuzumab. In this article, we review the diagnostic and prognostic role of CMR in trastuzumab-

mediated cardiotoxicity.

1. Introduction

Herceptin (trastuzumab) is a recombinant, humanized,
monoclonal antibody directed against the extracellular do-
main IV of the human epidermal growth factor receptor 2
(HER2) and is indicated for the treatment of HER2-positive
breast and gastric cancers [1-3]. HER2 positivity is relatively
frequent, found in around one-fifth of breast and gastric
cancer patients [4, 5]. Trastuzumab has been transforma-
tional for the prognosis of these patients, acting through its
mechanisms of preventing HER2 dimerization and down-
stream signalling, HER2 internalization and degradation,
and antibody-dependent cellular cytotoxicity [6, 7].
Although the chemotherapeutic mechanisms of tras-
tuzumab are well characterised, the molecular aspects of
trastuzumab-induced cardiotoxicity, recognised since its
phase III trial [8], remain incompletely understood. Early
studies have reported trastuzumab-related cardiotoxicity
to be largely reversible with endomyocardial biopsies
demonstrating an absence of the typical anthracycline-

induced cardiomyocyte vacuolization or dropout [9].
However, in vivo mice studies have found trastuzumab to
alter the expression of 15 genes involved in cardiac
contractility, adaptation to stress, as well as DNA repair,
cellular proliferation, healing, and mitochondrial func-
tion [10]. Furthermore, trastuzumab-mediated phos-
phorylation of HER1 and HER2 has been reported to
activate the autophagy inhibitory Erk signalling pathway
in human primary cardiomyocytes, inducing cardiotox-
icity by disrupting the cardiomyocyte’s ability to recycle
cellular toxins [11]. These data, together with analyses of
major trastuzumab trials, have highlighted the potential
for trastuzumab to induce persistent left ventricular (LV)
systolic dysfunction (LVSD) despite drug cessation [12].
This is of concern particularly as heart failure induced by
cancer therapy is associated with worse outcomes than
that of more common heart failure patients [13]. Despite
this, it is important to recognise that close clinical sur-
veillance and discontinuation of trastuzumab at an early
stage of LVSD will allow the timely initiation of heart
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failure drug therapies that can result in the rapid recovery
of cardiac function in most patients [1, 14].

Consequently, a distinct multidisciplinary clinical sub-
specialty, cardio-oncology, has emerged with the aim of
preventing, monitoring, and treating cancer therapeutics-
related cardiac dysfunction (CTRCD) [15]. In current car-
dio-oncology practice, transthoracic echocardiography
(TTE) remains the first line for cardiac surveillance among
oncology patients due to its widespread availability and lack
of radiation exposure [16-19]. However, with a reported
temporal inter- and intra-observer variability of 10% in the
assessment of left ventricular ejection fraction (LVEF) by 2D
TTE [20], cardiac magnetic resonance (CMR) is gaining an
increasingly prominent role in cardio-oncology. Often
considered the reference standard for the assessment of
cardiac volume and function, CMR has demonstrated su-
perior reproducibility and accuracy compared to other
conventional methods [21]. However, due to limited
availability, it is not widely used in the serial monitoring for
cardio-oncology assessment. Here in this article, we aim to
review the diagnostic and prognostic role of CMR in tras-
tuzumab-mediated cardiotoxicity.

2. Volumetric Assessment and CMR

The assessment of cardiac function before, during, and after
therapy is essential for all cancer patients undergoing po-
tentially cardiotoxic therapy [16]. Whilst CMR is widely
considered as the reference standard for cardiac volumetric
assessment, its current role remains reserved for patients
with inadequate echocardiographic windows due to limi-
tations in availability, higher cost, and the requirement of
patient cooperation with breath-holding and an absence of
claustrophobia [1, 16, 21]. Conversely, echocardiography
with its wider availability and cost-effectiveness is highly
suited for serial surveillance. Consequently, given that
definitions of cardiotoxicity in many oncology trials are
based on a reduction of LVEF, TTE-derived LVEF remains
the first-line method for the detection of CTRCD according
to consensus guidelines [1, 16-19] (Figure 1). One of the key
limitations of 2D TTE is its significant inter- and intra-
observer variation, often quoted at 10% [16, 20]. Therefore, it
can be challenging to discern whether a change in LVEF, for
instance from 55 to 45%, represents true dysfunction or
merely inter-study variation. This variability can be im-
proved with the use of LV opacification contrast and is better
still with 3D TTE [20, 23]. Similarly, 3D TTE has been
reported to possess superior sensitivity (53%) to 2D TTE
(25-29%) for the identification of LVEF <50% in adult
survivors of childhood cancer when using CMR quantifi-
cation as the reference standard [24]. However, it is evident
from a recent survey of 96 echocardiographic laboratories
from 22 different countries across Europe that there are wide
variations in the adoption of 3D TTE with only 32% of
centres routinely capturing 3D data for all TTE studies, and
20% of centres not performing any 3D TTE [25]. Fur-
thermore, the feasibility of 3D TTE can be suboptimal even
under research conditions. In a study of 100 breast cancer
patients undergoing baseline and surveillance TTE during
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chemotherapy, 3D TTE was reported to be feasible in only
66% of studies, with factors such as increasing age, weight,
smoking, mastectomy, and concomitant radiotherapy con-
tributing to poor 3D image quality [26].

Multigated acquisition (MUGA) scanning was once a
commonly used method for serial evaluation of car-
diotoxicity. Despite low inter- and intra-observer variability,
such methodology may be rendered obsolete in modern
times due to low sensitivity to subtle changes and radiation
exposure [27] (Table 1).

The superior accuracy and lower variability of CMR lend
it clinical significance not only for the timely diagnosis of
CTRCD, via detection of true positives cases, but also for its
ability to avoid false negatives, thereby preventing unnec-
essary treatment interruptions. This is evident from a ret-
rospective cohort study of 369 patients receiving
trastuzumab therapy for breast cancer where trastuzumab
was withheld for at least 4 weeks in patients who had ex-
perienced a decline in LVEF >16%, or decline >10% whilst
below normal LVEF limits [28]. This treatment interruption
allowed time for cardiology review and cardioprotective
therapy initiation. Despite trastuzumab being recommenced
in those whose LVEF recovered to normal, patients expe-
riencing any treatment interruption possessed significantly
worse outcomes in terms of both disease-free survival
(adjusted hazards ratio of 4.4, P = 0.001) and overall survival
(adjusted hazards ratio 4.8, P <0.001) [28].

In the absence of randomized prospective studies di-
rectly comparing patient outcomes from CMR and TTE
derived LVEF, guidance from the British Society for
Echocardiography (BSE) and British Cardio-Oncology So-
ciety (BCOS) recognises the addition of recent pilot data on
the safe use of trastuzumab in patients with asymptomatic
reductions in TTE-derived LVEF down to 40% [17, 29, 30].
These guidelines may help to compensate for the variability
associated with TTE derived LVEF discussed above,
emphasising the ESC’s personalized approach to cardiac
surveillance by cardio-oncology services [16], and support
echocardiography in remaining at the core of cardio-on-
cology diagnostics.

3. Myocardial Strain and CMR

While LVEF has historically been used as a standard
measure of systolic function, there is increasing interest in
the use of more sensitive markers that can detect “sub-
clinical” signs of LV dysfunction that can aid earlier initi-
ation of cardioprotective therapy. The extent of myocardial
deformation which occurs following application of con-
tractile and relaxation forces can be quantified as strain,
defined as the percent change in myocardial length from the
relaxed to the contractile state. This deformation represents a
fundamental property of the tissue [31] and there is in-
creasing evidence for a causative relationship between the
development of myocardial fibrosis and a reduction in
ventricular deformation across a range of conditions
[32-34]. Deformation imaging may, therefore, act as a
functional imaging biomarker of myocardial fibrosis and
offer additional prognostic information for the personalized
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FIGURE 1: Representative images of trastuzumab-induced cardiotoxicity. Cine 3-chamber (a) and 4-chamber views (b) as well as short axis
view (c) during baseline study (LVEF = 66%) and 3 months thereafter (LVEF = 54%). Native T1 (d) shows reduction of global left ventricular
value after 3 days (baseline = 1196 ms, 1st follow-up = 1172 ms, and 2nd follow-up = 1277 ms). Myocardial T2 (f) shows subtle elevation of
global value after 3 months (baseline = 40 ms, 1st follow-up = 43 ms, and 2nd follow-up = 44 ms). The average segmental T1 and T2 times are
displayed as “bull’s eye” images (e, g). The colour maps represent continuous T1 and T2 values. LVEF, left ventricular ejection fraction;

reproduced with permission from Abdelmonem Atia et al. [22].

TaBLE 1: Advantages and disadvantages of imaging modalities.

Imaging . . . -,
modalities Cardiac MRI Echocardiography Multigated acquisition scan
High spatial and temporal resolution Widespread e.lv.al.lablhty and  Low inter- and intra-observer variability
feasibility (<5%)
Superior signal-to-noise ratio Low cost No need for geometric confirmation
Advantages . L 7 . .
Free choice of imaging plane Portable LVEEF calculation highly reproducible
. . . Current standard and guideline-
No geometric assumptions required
recommended
Expensive Operator dependence Repeated exp osure to radiation (5-10
millisieverts)
Lack of portability Suboptimal acoustic windows  Exposure to radioactive isotope tracers
Claustrophobic patients unable to . . .
. Use of geometric assumption Requires venepuncture
Disadvantages tolerate

Contraindicated in patients with
ferromagnetic metallic implants
Potential for nephrogenic systemic
fibrosis

High temporal and observer

The gamma camera may be suboptimal for

variability critical measurements of EF

management of patients receiving trastuzumab. Unlike the
inherent flaws of a simplistic measurement such as LVEF,
strain allows quantification of the different spatial compo-
nents of contractile function in either longitudinal (GLS),
circumferential (GCS), or radial (GRS) directions, both
globally and regionally.

Most myocardial strain studies in patients receiving
trastuzumab have used GLS derived from 2D speckle
tracking echocardiography (STE). A meta-analysis of 9
studies found reduced GLS to be associated with a higher
CTRCD risk (odds ratio 12.27; 95% CI 5.84-42.85; area
under the hierarchical summary receiver operating



characteristic curves 0.86; 95% CI, 0.83-0.89) [35]. However,
there remains uncertainty regarding whether a strain-guided
management approach offers incremental prognostic value
compared to an LVEF-guided approach. In an observational
study where 24 out of 81 consecutive women receiving
trastuzumab developed CTRCD, GLS reduction was the
strongest predictor of cardiotoxicity [36]. However, in the
only prospective randomized controlled trial where 331
anthracycline-treated patients were randomized to either
LVEF or GLS guided therapy, there were no significant
differences in the primary outcome of change in LVEF
between the two different study arms [37]. Despite this, it is
important to recognise that the GLS-guided approach led to
greater use of cardioprotective therapy, higher final LVEF,
and lower incidence of CTRCD [37]. The current limitation
of STE derived GLS is in its significant inter-vendor vari-
ability [38] with guideline quoted normal GLS values of
<-17% for men and <-18% for women being specific to
General Electric (United States) analysis software [17]
alongside the demands for good image quality. Strain
analysis of 3D STE datasets is also feasible. However, as a
relatively novel technique, there is a lack of data for its use in
CTRCD and it generally demands patients to breath-hold as
well as a regular cardiac rhythm to enable multi-beat 3D
acquisition [39].

Myocardial strain quantification is also feasible with
CMR and is traditionally performed with one of many
dedicated “tagging” sequences (such as spatial modulation of
magnetization (SPAMM), harmonic phase (HARP), dis-
placement encoding (DENSE), and strain encoding (SENC).
These sequences magnetise temporary tags into the myo-
cardium which are prominent during systole and fade
during diastole. These tags can be tracked throughout the
cardiac cycle to highlight myocardial movement. CMR-
tagging derived GLS and GCS have been noted to be worse
(less negative) than STE derived strain in a study of 46 cancer
survivors exposed to anthracycline therapy with normal
range LVEF, suggesting CMR to be more sensitive to sub-
clinical LV dysfunction compared to TTE [40]. Looking
beyond cardio-oncology, CMR-tagging GCS was again
found to offer incremental predictive value to the traditional
parameters of LVEF, left ventricular mass, and cardiovas-
cular risk factors, for the future onset of heart failure in 1768
asymptomatic individuals from the Multi-Ethnic Study of
Atherosclerosis (MESA) cohort [41].

The main disadvantage of dedicated deformation CMR
sequences is their time-consuming nature. To overcome this,
it is possible to derive strain from feature-tracking of steady-
state free precession (SSFP) cine images, with important
distinctions being made between 2D (average strain value of
three long-axis studies) and 3D derived strain values [42].
Whereas 3D STE is adversely affected by both poor spatial
and temporal resolution (leading to coarser speckle patterns)
and requires stitching together of volumes to achieve ade-
quate frame rates for analysis at higher heart rates, CMR cine
stack datasets are intrinsically three-dimensional with strain
quantification highly feasible [42]. Theoretically, 3D strain
quantification (either by CMR or STE) overcomes the
overestimation of myocardial movement that results from
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the through-plane loss of features into the third dimension
which plagues 2D myocardial deformation techniques [43].
This means that the absolute values of 3D strain are usually
lower than that of 2D strain and are likely provide a closer
representation of underlying myocardial mechanics [42].
Being relatively novel techniques, the incremental value of
CMR feature-tracking derived strain is not well known, with
only one study confirming feasibility of 2D CMR feature
tracking and its correlation with CMR derived LVEF [44].

A large meta-analysis comprising 65 studies and 2888
patients compared the most used noninvasive imaging
modalities to the reference standard CMR in the last two
decades [45]. The findings revealed significant negative bias
in LV end-diastolic volume (LVEDV) and LV end-systolic
volume (LVESV) for 2DE *contrast and 3DE, demon-
strating that echocardiography-based techniques tend to
underestimate these values, whereas computed tomography
(CT) correlates closely, when compared to CMR (Figure 2).
In an earlier study involving 114 patients, echocardiography
was compared to CMR imaging, focusing on the reference
standard for LV function [24]. The study reported that LV
volume was consistently underestimated in 2DE and 3DE
compared to CMR, and cardiac mass was higher in 2DE than
CMR. Compared to CMR, the echocardiographic methods
correlated rather poorly, specifically 2D TTE, which dem-
onstrated a low sensitivity (25%) and high false-positive rate
(75%) with a mean LVEF 5% higher than CMR. While 3D
TTE compared more favourably to CMR and demonstrated
less variability, the authors concluded the technique lacks
the desired accuracy to detect subtle changes that may have
important therapeutic implication.

4. Varying Definitions of Cardiotoxicity

Cardiotoxicity is a broad term that refers to any direct
untoward toxic effects on cardiac structure and function or
the acceleration of cardiovascular disease (CVD) among
patients with cardiovascular risk factors or preexisting CVD
as a result of cancer therapy [46]. A universal definition for
cardiotoxicity is lacking and often oversimplified, resulting
in the term being shrouded with controversy due to a lack of
clarity. Since the earliest definition of cardiotoxicity was
defined [47], definitions used for clinical decisions have
varied among different consensus guidelines and clinical
trials, usually based on variable cut-off values for LVEF in
various imaging modalities [48] (Table 2).

More recently, the European Association of Cardio-
vascular Imaging (EACVI) and the American Society of
Echocardiography (ASE) defined cardiotoxicity as >10%
decline in LVEF to a final LVEF <53% by echocardiography,
multigated acquisition scan (MUGA), and cardiac magnetic
resonance imaging (CMR), as well as being the first reported
guidelines to include global longitudinal strain (GLS) re-
duction defined as >15% [16, 19]. The British Society of
Echocardiography (BSE) and the British Cardio-Oncology
Society (BCOS) have jointly published similar guidelines for
adult cancer patients, specifically patients receiving
anthracycline + trastuzumab therapy [17]. The consensus
guideline classified cardiotoxicity into three categories: (1)
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FIGURE 2: Mean bias associated with LV quantification by multimodality imaging compared to reference CMR using data derived from

Rigolli et al. [45].

cardiotoxicity, (2) probable subclinical cardiotoxicity, and
(3) possible subclinical cardiotoxicity, which should ideally
be achieved via advanced echocardiographic measures (2D/
3D LVEF and GLS). Additionally, technical considerations
should be accounted for due to various factors (clear vis-
ualisation endocardial border and timing of measurement
during cardiac cycle) that could influence GLS values,
thereby further limiting efforts to define abnormal GLS.
Establishing a definitive description of cardiotoxicity is vi-
tally important with major clinical implications because
while failing to detect cardiotoxicity promptly is harmful,
overdiagnosis is equally detrimental, potentially causing
interruption to a patient’s cancer treatment and thereby
impacting upon oncological outcomes.

Trastuzumab has demonstrated effectiveness when used
either as monotherapy or in combination with other sub-
stances [52]. However, rarely is trastuzumab administered as
a single agent, but is instead more commonly combined with
surgery, chemotherapy, and radiotherapy as adjuvant
therapy. To date, most patients treated with trastuzumab
monotherapy have previously been exposed to other forms
of treatment such as anthracycline, either prior to, or
concurrently with trastuzumab administration. Conse-
quently, the assessment of trastuzumab-related cardiotox-
icity is often confounded by the lack of patients with no prior
anthracycline exposure. This is important as trastuzumab
and anthracycline are considered to have different mecha-
nisms of action. Trastuzumab tends to cause cellular dys-
function in most patients and is perceived to be largely
reversible (type 2 cardiotoxicity), whereas anthracycline
cardiomyopathy is associated with irreversible myocyte
necrosis in the form of apoptosis (type 1 cardiotoxicity)
(Table 3) [9]. However, this distinction may be further
complicated as recent evidence suggests that trastuzumab
could share some common mechanisms with anthracycline-

mediated cardiotoxicity, with equally profound toxicity,
particularly amongst the elderly population with near-
normal ejection fraction and risk factors for CVD. While
anthracycline cardiotoxicity is often perceived to be irre-
versible, there have been reports of partial recovery of
cardiac function. Trastuzumab-induced cardiotoxicity is not
always reversible [67, 68]. Hence, the classifications of
cardiotoxicity so far are oversimplifications, failing to reflect
the nuance of its complex pathophysiology and natural
history.

5. Mechanisms of Trastuzumab Cardiotoxicity

The mechanisms of trastuzumab-induced cardiotoxicity
remain to be definitively identified. Limited data from
myocardial biopsies reveal rather different mechanisms
between trastuzumab and anthracycline, and the prompt
recovery of trastuzumab-induced toxicity upon treatment
discontinuation further supports this [9]. Different mech-
anisms have been proposed relating to the cardiotoxic
mechanism, while potentially multifactorial and likely at-
tributed to the anti-HER?2 activity; this remains a topic for
extensive discussion. In vivo work in HER2-deleted mice
showed interruption to the HER2 signalling pathway
resulted in the spontaneous development of dilated car-
diomyopathy [75], supporting the notion that HER2 sig-
nalling is an important modifier in heart failure. Preclinical
studies revealed an overactive HER pathway characterised as
overexpression of HER2 receptor on a breast tumour cell or
multiple copies of HER2 gene in the nucleus of the cell being
the potential underlying mechanism of HER2+ breast cancer
[76]. Presently, disruption to NRG/ErbB signalling is rec-
ognised as the most likely mechanism of trastuzumab-in-
duced cardiotoxicity. Trastuzumab is known to selectively
bind to the juxtamembrane domain IV of HER2 - a section
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TaBLE 2: Definitions of cardiotoxicity.

Author and year of publication

Testing modality

Definition of cardiotoxicity

Additional information

Multigated acquisition

Mild: decline in LVEF >10%
Moderate: decline in LVEF >15% to

Alexander et al. 1979 [47] (MUGA) scan final LVEF <45% Anthracycline
Severe: congestive HF
Drop in global LVEF or more severe in Trastuzumab
septum
Cardiac review and evaluation Echocardiography and  >5% decline to final EF <55% with +
committee, Seidman et al. 2002 [49] MUGA symptoms of congestive HF -
. - o
Asymptomatic decline of >10% to final anthracycline

EF <55%

American society of echocardiography
(ASE), Plana et al. 2014 [19]

Echocardiography

>10% decline in LVEF to final LVEF
<53%

Reduction in global longitudinal strain

First guideline to include GLS
>15% reduction as definition
of cardiotoxicity

(GLS) > 15% from baseline Trastuzumab
Barthur et al. 2017 [50] Cardiac magnetic EF <50% Trastuzumab
resonance
NICE (National Guideline Alliance, . . L.VEF dr.OP s by 10 percentage . .
Echocardiography  (ejection) points or more from baseline ~ Chemotherapeutic agents
2018) [18]
and to below 50%
. . >10% decline in LVEF to final LVEF GLS reduction >15%
Keramida et al. 2019 [51] Echocardiography <50% Trastuzumab
>10% decline in LVEF to final LVEF
European association of cardiovascular <53%
imaging (EACVI), Celutkiené et al. Echocardiography Relative reduction in global
2020 [16] longitudinal strain (GLS) reduction by
>15% from baseline
The definition is categorised into three
groups
Cardiotoxicity:
LVEEF: a decline in LVEF by >10
absolute percentage points to a value
. . . <50%
Br1tlsh. S.O clety 9f Echqcardlogrfip hy Probable subclinical cardiotoxicity: Trastuzumab
(BSE) jointly with British Cardio- . L
Oncology Society (BCOS), Dobson Echocardiography LVEEF: a decline in LVEF by >10 +
8y ty ’ absolute percentage points to a value anthracycline

et al. 2021 [17]

>50% with an accompanying fall in
GLS >15% from baseline
Possible subclinical cardiotoxicity:
LVEEF: a decline in LVEF by <10
absolute percentage points to a value
<50%

Adapted from Lambert, J. and Thavendiranathan, P., 2016. Controversies in the Definition of Cardiotoxicity: Do We Care? American College of Cardiology.
[online] American College of Cardiology. Available at <https://www.acc.org/latest-in-cardiology/articles/2016/07/07/14/59/controversies-in-the-definition-
of-cardiotoxicity> (Accessed 25 August 2021).

of the extracellular domain essential for HER2 - ErbB4 and
HER2-ErbB4 dimerization within the cardiomyocytes.
Upon binding, the antibody downregulates the expression of
HER?2 which initiates a cascade of downstream signalling of
the PI3K-AKT-mTOR pathway, which is an important
contributor in cellular growth, proliferation, and survival
[77]. In patients preexposed to anthracycline, it is probable
these patients have begun to undergo subclinical or clinical
apoptotic/necrotic process, thereby increasing susceptibility
to further myocardial damage. Trastuzumab-associated
heart failure is likely the cause of ongoing attrition of
myocytes over time.

6. Prognosis and Reversibility of Trastuzumab-
Induced Cardiotoxicity

In contrast to anthracycline, the clinical outcome for tras-
tuzumab-induced cardiotoxicity is generally considered to
be more favourable since LV dysfunction appears largely
reversible upon the discontinuation of trastuzumab, and the
inclusion of standard cardioprotective therapy seems to
accelerate the recovery process [78]. A right ventricular-
(RV-) focused CMR study by Barthur et al. [50] found that
while RVEF and LVEF had declined with increased RVEDV
and RVESV during therapy, all parameters had normalised
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TaBLE 3: Clinical features differentiating herceptin- and anthracycline-related cardiac dysfunction.

Characteristics Herceptin (trastuzumab) Anthracycline (doxorubicin)
Cardiotoxicity Myocardial dysfunctiop, alsg .referred to as type II Myocardial damage,.also .re.ferred to as type I
cardiotoxicity cardiotoxicity
Incidence 2-27%" [49] 3-26% [53, 54]
Incompletely understood, though may be
multifactorial. Potential mechanisms include the
following:
Not definitively understood, though may be Type IIB topoisomerases-doxorubicin binding [56]
multifactorial. The most likely mechanism may be the Disruption of Ca®" homeostasis [57]
Mechanisms consequence of attenuated NRG/HER-2 mediated  The upregulation of DRs, including TNFR1, Fas, DR4,
signal transduction pathway and increased and DR5 [57]
susceptibility to anthracycline exposure [55] Disruption in HER2/HER4 and NRG-1 signalling
Such mechanisms lead to mitochondrial dysfunction,
free radical generation, myocardial oxidative stress,
and causing cell apoptosis
Dose effect Dose-independent [58, 59] Cumulative, dose-dependent [59, 60]
Features No ultrastructural changes observed [9, 61] Ultrastructural changes detected [62]
Clinicgllgourse and Mostly reversible upon the discontinuation of the Mostly irreversible [64]
reversibility agent [9, 63]

Response to

cardioprotective therapy [9, 29, 30]

Recommencement of
agent

ACEi and f3-blockers appear to mitigate the risk of HIC

Considered relatively safe [9, 46]

B-blockers (particularly carvedilol) have shown
promising results in preserving cardiac function. ACEi
could mitigate oxidate stress, LV remodelling, and
apoptosis. Statins consist of antioxidant and anti-
inflammatory properties [65]
Dexrazoxane may, in part, prevent toxicity by binding
to type IIB topoisomerases [66]

High probability of recurrence of dysfunction or
cardiotoxicity [9]

ACE], angiotensin converting enzyme inhibitor; NRG-1, neuregulin-1; HIC, herceptin-induced cardiotoxicity; DRs, death receptors; TNFR1, TNF receptor 1;
LV, left ventricular. “The patient cohort in these trials may have been preexposed to anthracycline.

at 18 months, six months following the cessation of therapy.
Consistent with these findings is another study by Ong et al.
[72] which utilised feature tracking (FT) strain analysis. The
authors reported a reduction in LVEF, FT-GLS, and FT-GCS
at 6 and 12 months into therapy. By 18 months, with
treatment completed 6 months prior, the parameters
returned to near baseline level. Ewer et al. [9] reported on the
reversibility of trastuzumab-related LVEF reduction,
showing improvements in cardiac function typically at 4 to 6
weeks (before, 0.61+£0.13; during, 0.43+0.16; after,
0.56 £ 0.11) following the withdrawal of therapy [79].

Trastuzumab-mediated cardiotoxicity is generally con-
sidered to not cause ultrastructural changes, though benign
ultrastructural changes were observed from endomyocardial
biopsy samples in a trial by Ewer and Ewer [80]. It should be
noted that while this is a sensitive method for the evaluation
of chemotherapeutic drug-induced cardiotoxicity, its inva-
sive nature and questionable ability to predict clinical
outcome renders it impractical for routine clinical use.
Moreover, abnormalities uncovered from cardiac biopsy
only reflect recent and ongoing changes rather than earlier
insults.

Additionally, an earlier trial comprising 160 patients by
Fallah-Rad et al. [81] identified 10 trastuzumab-induced
cardiotoxic patients with subepicardial linear LGE in the
lateral portion of the LV. Interestingly, at 6-month follow-up
evaluation, despite EF recovery in 6 of the 10 patients, these
LGE findings persisted, suggesting persistent myocardial

injury. Such findings were amplified in a study by Wadhwa
et al. [82] where of the 36 patients that developed mostly
asymptomatic cardiotoxicity, subepicardial linear LGE of the
LV was observed in 34 patients. Elevation of troponin-I was
also reported in 4 patients following >6 cycles of treatment
in another trial [83], implying ongoing myocardial necrosis.
The underlying mechanism for the presence of LGE is
unclear, particularly in the subepicardial lateral portion of
the LV, perhaps merely a typical distribution and location
associated with this agent (Figure 3).

Relatively little is currently known about the long-term
prognosis of trastuzumab-induced cardiotoxicity. To our
knowledge, CMR studies to date have seldom followed up
patients beyond 18 months. From the available data
[50, 72, 73], despite most CMR parameters having dem-
onstrated statistically significant changes at 18 months, the
magnitude of reductions is small. This raises the question as
to whether these statistically significant reductions are also
truly clinically significant for previously cardiotoxic patients
or whether they might potentially pose a greater risk of
cardiac functional deterioration in the coming years. These
findings suggest trastuzumab-mediated cardiotoxicity could
be associated with long-term marked impairment of cardiac
function and may contribute to increased risk of late-oc-
curring cardiovascular disease in survivors of HER2-positive
breast cancer.

One long-term study aimed to determine whether
trastuzumab-induced cardiotoxicity recovers and explore



F1GURE 3: Short axis reconstructed IR-TrueFISP image through the
mid-ventricle demonstrates subepicardial linear delayed en-
hancement (arrow) in the lateral wall of a patient who had received
trastuzumab [69]; reprinted with permission from Wadhwa et al.
[82].

any association with long-term cardiopulmonary dysfunc-
tion in survivors of HER2+ breast cancer [84]. The trial
enrolled 57 patients after completion of trastuzumab-based
therapy (median, 7.0 years after therapy). Patients were
assessed in three groups using speckle-tracking echocardi-
ography: (1) developed cardiotoxicity during therapy (TOX)
group, (2) no evidence of cardiotoxicity during therapy
(NTOX) group, and (3) healthy control (HC) group. The
study reported significantly lower LVEF in the TOX group
(56.9% [5.2%]) compared with the NTOX (62.4% [4.0%])
and HC (65.3% [2.9%]) groups. Similar results were found
for GLS (TOX group, —17.8% [2.2%]; NTOX group, —19.8%
[2.2%]; HC group, —21.3% [1.8%]) (P <0.001).

A large meta-analysis of randomized and cohort studies
of over 29,000 women with breast cancer observed the
frequency of severe cardiotoxicity up to 3 years following
trastuzumab initiation [85]. Among the 58 studies, severe
cardiotoxicity occurred in 844 breast cancer patients, ac-
counting for 3% (95% CI 2.41-3.64) of the total sample. 557
incident cases occurred in the early breast cancer group, 203
in the metastatic breast cancer group, and 84 in the mixed
population. Mild or asymptomatic cardiotoxicity was re-
ported in 45 studies with a total incidence case of 2251 (out
of 20,491 patients). Two years following the initiation of
trastuzumab therapy, severe cardiotoxicity was reported in
approximately 3% of the total patient cohort. The incidence
rate observed from cohort studies is higher compared to
randomized control trials, possibly due to such trials ex-
cluding patients at higher risk of adverse events. Accord-
ingly, this renders those studies less reflective of real-world
settings. Variability of incident cases between studies was
high with frequencies ranging from 0 to 9.8% in the early
breast cancer group and 0 to 16.1% in the metastatic group.
Such variability of cardiotoxic events is likely associated with
patient selection, definition of cardiotoxicity, and methods
of assessment.

Based on these findings, the consensus is that trastu-
zumab-mediated cardiotoxicity is largely reversible, or at
least partially reversible, particularly from a functional
standpoint. Though the true prevalence and extent of
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reversibility is debatable, late toxicity remains a possibility.
With the toxicity profile of trastuzumab yet to be fully
established, treatment necessitates close monitoring, and in
the face of new, emerging data, such issues warrant
revisiting.

An important limitation to these studies, from the CMR
perspective, other than the small sample sizes, is the lack of
CMR imaging for evaluating cardiotoxicity, whilst cardiac
biomarkers, myocardial biopsy (in some cases), and echo-
cardiography, or other imaging modalities, were adopted
instead. Large, prospective CMR-studies are warranted to
enable a more definitive conclusion on the diagnostic and
prognostic role of trastuzumab-induced cardiotoxicity.
Collectively, these studies highlight the potential need for the
utilisation of cardiac MRI in the early detection of sub-
clinical cardiotoxicity, as well its extended toxicity profile.

Establishing a validated risk stratification tool to dis-
tinguish patients that are at increased risk of developing
cardiotoxicity to those of lower risk may be necessary so that
monitoring by and utilisation of CMR can be reserved for
those at higher risk. From the present data, a multitude of
risk factors are associated with increased risk of trastuzu-
mab-treated cardiac events, including age (2.31% in
<50years to 4.91% in >60 years 95% CI 3.22-6.94), post-
menopausal status (0.013 OR: 4.39 CI: 1.28-15.02), smoking
status (5.3%, 95% CI 2.15-9.75), body mass index >25
(6.49%, 95% CI 2.34-12.51), hypertension (5.47%, 95% CI
3.40-7.99), dyslipidaemia (4.43%, 95% CI 2.54-6.78), dia-
betes (6.19, 95% CI 0.85-15.93), and previous positive
cardiac history (19.12%, 95% CI 11.85-27.63) [72, 73]. A
scoring system based on these parameters may be valuable
for estimating the risk of developing cardiotoxicity during
therapy. Additionally, it is important to establish the length
of follow-up for previously cardiotoxic patients that are
deemed to be at potential higher risk for late toxicity. It is yet
to be established if “recovered” patients with mild-to-
moderate cardiotoxicity with asymptomatic or oligo-
symptomatic status possess a higher risk of late toxicity
compared to those that developed severe toxicity with in-
tense clinical symptomology.

7. Tissue Characterisation and CMR

Chemotherapy associated myocardial oedema, diffuse
interstitial fibrosis (collagen deposition in the absence of
myocyte loss), and coarse replacement fibrosis (collagen
deposition in the presence of myocyte necrosis) can be
uniquely imaged with CMR based T2 mapping, TI1
mapping, and late-gadolinium enhancement (LGE) se-
quences, respectively [86] (Table 4). Given the lack of
consensus of a precise LVEF-based definition of CTRCD,
increasing evidence for deformation imaging to provide
incremental prognostic information, and a potential
causative relationship between myocardial fibrosis de-
velopment and reduced myocardial strain [32-34], there
is increasing appeal for direct myocardial characterisation
in the earlier detection of CTRCD. To date, only the
presence of absence of LGE has been studied following
trastuzumab therapy [69]. While T1 and ECV increase



"UONJRIOOSSY JIBSH] I0OX MIN ‘VHAN oInyrej 3reay aansaguod JHD AydeiSorpresoydps [eUoIsusWIp-om} “Gg ©OUBUOSII d[oUSEW deIpIed
AND puowr ‘I ‘{dn-mof[oj N/ suondely uondd(d IBNOLIIUIA 1Yo ‘JTAT ‘UTen)s [BNUIJWNOID [eqo[d ‘SOO T, ‘utens [eurpnyiduo] eqoiS urdde) ‘g7o 1, curens [erjuaryundIn [eqo[s Sunppen a1njedj ‘§OOL.J
surex)s feurpnyiduo] [eqo[S Sunyoer) 21nyesy ‘SO L] XOPUI SSeUT [EIPILIOAU ‘TINJA SUOTIORIJ UOTIO3(d Jf OWIN[OA SI[0ISAS-PUD ‘ ASH OWIMN[OA SI[OISBIP-PUD ‘A (TH SUONIUNJsAp deIpIes pajear-Aderay) 1ooued ‘qDIND

NTI
a0 BLI)LID How MMHMME_ aanadsoxd e
dde 49 %zt T T T T T 1 1 9911WWIOD UOT)BN[RAD } e szl QNud (ve] s
AN £q %87 : : 19)3e SIOQNOH
PpUB MITAdI DRIpIR)) o8urg
/4 Apuow
-921y]7,
(AI 10 III SSe]> VHAN) N8I
apLo JHD jo swoidw4s pue J0j wonEnIUT .
1 10} ppPUYYIM Elea EleH Ewﬁlﬁ sudis pue 905> JIAT juaueaI) ¥ MMMMWM& [ez] me SE)
juowyeas) | W9l WeIB9l IWNZI%9 IO ‘QUI[dSeq WOIJ e N/ BN a
0%GTZ 9seaI09p JIAT  A[Iuow-xIg
NST
1 SWMWNEE W8T~ N8T W8I partodar 10N wammﬁmwﬂ _ |12 aanpadsord [eZ]
JoumEaD) WT189T WeIR9T NTT89T R QRUABMN e BuO
Apuow-x1g
N/d wel
ue Surpnpuf
apLo Wzl
1 10} POYYIIM W8I N8I« N8I« N8I« pojiods1 10N 10§ uonenIul - aanoadsoxd  [pg] ‘e 10
JusunEsn h.ﬂ WZI89T NZI9l W9l INTI89T jusuryeany QRUDHMN - InyIeg
1oy
0/q Arpuow
-921yT,
BLIS)LID MM:HMWW% aanpdadsoxd e
SUON WZIR9T 99)IWIUIOD UOTJeN]eAd yuunean 6 Qnud izl e s
e I9)® INTT oueyeN
PU® MIIAJI DBIpIE)) R o8urg
pue ‘9 ‘¢ 0
%01 JO JH Ul 2uIpap se  uoneniul
wetl Werl pastajoereyd saueyd jusurjean) aapdadsord [oz] Te 3o
patels 10N T | P T T o SI QnuUad
[euonouny juedyrudrs 1958 NCT I9A0ID)
38 Aqurepy Aqurey o o apdurg
9 jnq payrodar JoN pue % 1 0
=
< dHO
Y Jo swojdwifs 10 sudrs uonenIur aanoadsoxd [69]
..m (%S2) 01 T | | Surfuedwoooe yum jusuneas) W QIuad ‘Te 39 pel
© ‘%SS MO[3q %01 Ised]  Iaye INTI a[3uig “Ueled
S 18 JO JTAT Ul U
g ad.ryado
m ASIXO10TDIES dd ASH Add SOOL STOL SOOId  SIOId dd ASH AQE  @DIYD/ALdIXojorpIed  juswraInsedw  (N) WSisop Apn
& [AARIXOIOLP Jo wonruyaq IAEN az1g 159p ApTis
B JO 20UIPU]  UOTOUNJ JR[NOLIUIA Y3 UOT)OUNJ JE[NOLIJUSA 3T i ‘ :
...I.m ‘syuanjed pajean-surpAoeryiue F undaoiay ur surpuy YD F 914V,
o
-
<
©)



10 Cardiology Research and Practice
TaBLE 5: CMR characteristics of chemotherapeutic agents.
LV l Cardiotoxicity/cardiac
T 12 EGE LGE ECV | LVEF volume  RVEF dysfunction
Herceptin v [89] v [69, 81, 82, 90] v [50] v 73] v [50] 2-27%" [49]
Anthracycline v v v v 0
(doxorubicin) 871 187,00 (871 0 92,03y PN V170941 I70] 3-26% [53, 54]
Pertuzumab v [56] 6.6% [95]
- v 9
Lapatinib (57, 65] 2.7% [96]
Epirubicin [9“7] v[97) v 98] v [99]  0.7-11.4% [100]

EGE, early gadolinium enhancement; T1, T1 mapping; T2, T2 mapping; ECV, extracellular volume; LGE, late gadolinium enhancement; LV, left ventricular; |
LVEF, reduction in left ventricular ejection fraction; | RVEF, reduction in right ventricular ejection fraction. *The patient cohort in these trials may have been

preexposed to anthracycline.

Anatomical imaging

Pre-contrast tissue characterisation

Post-contrast tissue characterisation

Post-contrast
MOLLI
(5 mins)

LV short axis
cine
(5 mins)

Phase-contrast
aortic flow
(2 mins)

LGE IR / PSIR
(5 mins)

Pre-contrast
MOLLI
Localisers |1V long axis (5mins) {7y STIR &
(2 mins) cine mapping Contrast
(2 mins) (4 min)
ShMOLLI
(5 mins)

FIGURE 4: Proposed 30-minute cardiac magnetic resonance imaging protocol for the assessment of trastuzumab cardiotoxicity. LV, left
ventricle; MOLLI, modified look-locker inversion recovery; ShAMOLLI, shortened modified look-locker inversion recovery; STIR, short tau
inversion recovery; IR, inversion recovery; PSIR, phase-sensitive inversion recovery.

following anthracycline therapy [87, 88], this has not been
characterised for trastuzumab (Table 5).

8. Summary: When Should You Do a
CMR for Trastuzumab?

In the 2016 ESC position paper, there was recognition of
the value of CMR for the following: evaluating cardiac
structure and function, identifying the cause of LV dys-
function, and distinguishing left and right ventricular
function in difficult cases where other imaging modalities
are unsuccessful [1]. Consistent with this are the consensus
recommendations from the European Society for Medical
Oncology (ESMO) and the joint guidelines from BSE and
BCOS, which recommends the utilisation of CMR if sig-
nificant and unexplained discrepancies exist in echo-de-
rived measures of LVEF and GLS [17, 101]. While CMR is
the reference standard procedure for assessing cardiotox-
icity, it remains largely underutilised for breast cancer
cardiotoxicity surveillance [16]. The choice of imaging
modality depends on local expertise and availability; it is
strongly encouraged that the imaging modality utilised for
baseline assessment remains the same for the remainder of
the treatment pathway. A potential protocol for CMR
assessment of trastuzumab cardiotoxicity is illustrated in
Figure 4.

CMR is demonstrably superior to echo-based imaging of
left ventricular function, whether by assessment of LVEF or
strain, offering greater sensitivity and specificity in the de-
tection of cardiotoxicity in patients receiving trastuzumab.
Furthermore, it offers the ability to assess for myocardial
oedema, diffuse interstitial fibrosis, or replacement fibrosis.
It also carries some limitations. Thus, currently published
normal LVEF reference ranges show an overlap of normal
ranges. Application of CMR to patients would require a
baseline CMR and regular surveillance scans with associated
healthcare costs and requires gadolinium administration.

There are several important lines of enquiry to guide
future research. Firstly, whether CMR-based detection of
cardiotoxicity as assessed by LVEF and strain leads to im-
proved outcomes compared to their detection by echo re-
mains to be determined. Secondly, whether CMR-based
identification of oedema and fibrosis, particularly the type
and distribution of the latter, leads to improved risk strat-
ification in trastuzumab cardiotoxicity is unknown. Thirdly,
can CMR offer detection of features that would suggest a
greater likelihood of recovery from cardiotoxicity by tissue
characterisation findings? Given the greater availability of
echocardiography than CMR, these three questions are
central to further research into the optimum detection,
follow-up, and surveillance of cardiotoxicity in trastuzumab
patients. In the interim, we agree on the current echo-based
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methodology of current guidance, with the use of CMR
where echo images are poor despite left ventricular opaci-
fication with echo contrast agents.
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