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Abstract: Background: Anthracycline (ANT) is the most recognized therapy known to cause car-
diotoxicity, mainly left ventricle (LV) dysfunction. Global Longitudinal Strain (GLS) is the optimal
tool for assessment of subclinical LV dysfunction. Right ventricle (RV) function has been recognized
as an independent factor for cardiac outcomes; however, data evaluating RV GLS is limited. We
aimed to evaluate the change in RV GLS following ANT therapy. Methods: The study cohort is part
of the Israel Cardio-Oncology Registry (ICOR). All patients performed echocardiography before (T1)
and at the end (T3) of ANT therapy. A significant reduction was defined as a relative reduction of
≥10% in RV GLS values. Results: The study included 40 female patients with breast cancer treated
with ANT. During follow-up, both RV GLS and free wall longitudinal strain systolic peak (RV FWLS
PK) decreased significantly (p < 0.001 and p = 0.002). Altogether, 30 (75%) and 23 (58%) patients
showed RV GLS and RV FWLS PK ≥ 10% relative reduction. At T3, LV ejection fraction and LV
GLS were within normal range. Conclusions: RV GLS and RV FWLS PK reduction following ANT
exposure is extremely frequent, comparing to LV GLS reduction.

Keywords: anthracycline; cardio-oncology; cardiotoxicity; strain; right ventricle

1. Introduction

Advancements in early diagnosis and therapy for breast cancer have significantly
improved overall patient morbidity and mortality, however, at the cost of short and long-
term side effects [1,2]. Cardiotoxicity, a significant complication developing from exposure
to cancer therapeutics, has also been shown to lead to marked rates of morbidity and
mortality, occasionally, even more so than cancer itself [3,4]. Anthracycline (ANT), specifi-
cally doxorubicin, is still the standard of care therapy for patients diagnosed with breast
cancer [4]. ANT’s anti-tumor effect can lead to damage and death of cardiac myocytes,
causing type I toxic cardiomyopathy, which is characterized by dose-dependent irreversible
cell death [5,6]. Early detection of ANT-related cardiomyopathy may allow for preven-
tion of the development of significant left ventricle (LV) dysfunction and heart failure by
allowing clinicians to alter the cancer therapy regimen or to introduce cardio-protective
treatments [7]. Thus, the need for early detection of cardiac damage is paramount [6–8].
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Echocardiography is the most common tool utilized for the diagnosis and tracking of
cardiac dysfunction in cancer patients, with changes in LV ejection fraction (LVEF) used
as the main reference point [5]. However, as LVEF reduction will only be evident in the
presence of significant myocardial damage, the search for a more sensitive tool for sub-
clinical changes is ongoing [9]. Two-dimensional (2D) speckle tracking echocardiography
(2D-STE), specifically Global Longitudinal Strain (GLS), is emerging as such a tool for
the assessment of subclinical and overall cardiac function. GLS is the optimal parameter
for early detection of LV dysfunction and has been found to precede and predict LVEF
changes by echocardiography and Magnetic Resonance Imaging (MRI) [10–13]. While the
LV is currently the focus in cardiac function evaluation, right ventricle (RV) function has
also been recognized as an independent prognostic factor in many cardiovascular (CV)
diseases [14]. A number of studies have shown that the RV is similarly negatively affected
by ANT exposure [15,16] with a decrease in overall RV function. To date, there are a number
of different parameters for the evaluation of RV function [17,18], such as tricuspid annular
plane systolic excursion (TAPSE) and tricuspid S’ velocity. However, none of these existing
parameters are considered optimal for the evaluation of RV function, and more accurate
methods are needed. Recently, RV 2D-STE has been used as an objective and accurate tool
in the evaluation of RV function, and is a valuable asset in recognizing early subclinical
changes in the myocardium [17,19]. There are limited studies evaluating the use of RV
2D-STE for routine follow-up in cancer patient populations. We aim, in our pilot study, to
evaluate the changes in RV 2D-STE following ANT therapy in patients with breast cancer.

2. Materials and Methods
2.1. Study Population

The cohort is part of the Israel Cardio-Oncology Registry (ICOR) [20,21]—a prospec-
tive registry enrolling cancer patients visiting the cardio-oncology clinic at the Tel Aviv
Sourasky Medical Center. Patients included in the registry signed an informed consent
form at their first visit. The registry was approved by the local ethics Tel Aviv Sourasky
committee (Identifier: 0228-16-TLV). Inclusion criteria were female breast cancer patients
treated with doxorubicin who performed two echocardiography exams; at baseline (T1)
and after the completion of doxorubicin therapy (T3). The majority of patients also per-
formed echocardiography exam following receipt of a cumulative dose of 180 mg/m2

of doxorubicin (T2). Exclusion criteria included age below 18, non-sinus rhythm, base-
line LVEF < 53%, a history of cardiac disease, past ANT exposure, dexrazoxane therapy,
doxorubicin dose < 180 mg/m2, or poor RV image quality for strain analysis.

A significant reduction in RV 2D-STE was defined as a relative reduction of ≥10% in
either RV GLS or RV FWLS PK, as considered clinically significant among the definitions of
LV GLS reduction [22].

2.2. Study Protocol

Medical history and treatment were collected from the electronic medical charts.
Echocardiographic examinations were performed using the same protocol, personnel, and
equipment (General Electric (GE) system, Haifa, Israel, model Vivid S70). LV echocardio-
graphic measures included LV diameters, and LVEF [23]. TAPSE was measured as the
distance of systolic excursion of the RV annular segment along its longitudinal plane, using
M-mode from the apical 4C window [18]. Images were acquired using a high frame rate
(>50 frames/s) [24]. LV GLS was measured using EchoPac STE software. LV boundaries
were assessed at the end-systolic frame, which was first measured by automatic tracking
and was later followed by performing manual corrections and optimization of images. We
then performed offline measurements of RV 2D-STE by TOMTEC software, using the 2D
PCA (cardiac performance analysis) application. The assessment included the following
steps, as accepted by the most updated literature [25,26]: (Figure 1A–C)
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Figure 1. The assessment of right ventricle Global Longitudinal Strain. (A) Determining of the
region of interest; (B) evaluating the Global Longitudinal Strain of the right ventricle; (C) evaluating
the free wall by excluding the septal wall and including the RV free wall (basal, mid, and apical)
segments solely.

Choosing of the most optimal, best quality, apical 4C RV-focused view image.
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(1) Determining the region of interest (ROI): using the apical 4C RV-focused view, the mar-
gins of the RV are marked. This is first determined through automatic identification
(by the software), and later, manual corrections and modifications are performed.

(2) Evaluating Global and Regional Longitudinal Strain: RV GLS is the average of 6 seg-
ments (3 of the free wall and 3 of the septum) (Figure 1B). Each wall of the RV is
divided into 3 equal parts from the base to the apex. RV FWLS PK is, for example, the
average measured strain of the basal, mid, and apical segments of the RV FWLS PK
solely (Figure 1C).

(3) Determining the timing of measurement: strain can be measured during several
phases of the cardiac cycle: End Systolic (ES) strain (defined by pulmonary valve
closure), Peak (PK) systolic strain (maximal ventricular contraction), or Peak strain
(the highest value throughout the entire heart cycle). To date, PK systolic value is the
recommended measurement to use [22].

2.3. Statistical Analysis

The sample size was calculated in reference to previous data measured in our cohort,
showing that ANT therapy led to a clinically significant reduction in LV GLS values among
30% of the patients. Accordingly, we expected similar changes in RV GLS values to occur
in 30% of our patients. When calculating the sample size for this trial with alpha-0.05 and
80% power, we found that we needed to include 19 patients. To avoid under-powering in
our study, we chose to enroll 40 patients. The IBM SPSS Statistics 25.0 software was used.
Continuous normally distributed variables are described as means ± standard deviation
and continuous not normally distributed variables are described as medians (Q1, Q3).
Categorical variables are described as percentages. Parametric data from two different
groups were compared using the Mann–Whitney test and t-test, for two related groups
using paired t-test, and repeated measures ANOVA for three groups. Nonparametric data
from two related groups were compared using Wilcoxon matched-pair test and Friedman’s
2-way ANOVA for three related groups. Categorical variables were compared using a Chi
square test. Pearson and Spearman correlation analysis was used for continuous para-
metric and nonparametric data, respectively. p-values < 0.05 were considered statistically
significant.

3. Results

Eighty-five patients were evaluated for this study between September 2016 to 2019, of
which 40 were included in our cohort. A total of 45 patients were excluded: 29 for poor
echocardiography image quality of the RV, 13 for incompatible timing of echocardiographic
exam, and 3 for not completing the ANT protocol therapy.

The mean age was 50 (±13) years, and cardiovascular risk factors were relatively
uncommon, ranging from 5% to 20%. A total of 10 (25%) patients were treated with
cardio-protective drugs, as specified in Table 1.

Table 1. Baseline characteristics.

Variables All Patients (40)

Age (years) (mean, SD) 50 (±13)

Hypertension (n, %) 8 (20)

Ischemic heart disease (n, %) 0 (0)

Diabetes mellitus (n, %) 2 (5)

Chronic heart failure (n, %) 0 (0)

Chronic kidney disease (n, %) 0 (0)

Hyperlipidemia (n, %) 5 (12.5)
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Table 1. Cont.

Variables All Patients (40)

Smoker (n, %)
No 25 (62.5)
Yes 9 (22.5)

Past Smoker 6 (15)

ACEi (n, %) 2 (5)

ARB (n, %) 4 (10)

BB (n, %) 4 (10)

ACEi/ARB/BB (yes) 6 (15.0)

Statins (n, %) 5 (12.5)

Trastuzumab (n, %) 10 (25)

Pertuzumab (n, %) 9 (22.5)

Chest Radiation (n, %) 18 (45)

Ejection fraction (%) (mean, SD) 60 (±0)

Left Ventricle Global Longitudinal strain (%) (mean, SD) −21.5 (±2)

RV GLS (mean, SD) 26.8 (±4.7)

RV FWGLS PK (mean, SD) 28.9 (±5.1)

RV GLS septum PK (Median (Q1, Q3)) 23.6 (20.2, 28.0)

TAPSE (mean, SD) 25 ± 3

SPAP (15/40) (mean, SD) 26 ± 6

The mean cumulative dose of doxorubicin was 238.5 (±9.4) mg/m2. The mean time
elapsed from last doxorubicin treatment to T3 was 96 ± 22 days. At T3, 10 (25%) patients
were treated with trastuzumab (humanized anti-Human Epidermal Growth Factor Receptor
2 (HER2) monoclonal), 9 (22.5%) with pertuzumab (a humanized anti-HER2 monoclonal)
and 18 (45%) patients had undergone chest radiations as shown in Table 1.

All patients had normal baseline LVEF, LV GLS, and TAPSE (Table 1). RV baseline 2D-STE
parameters included mean RV GLS −26.8 (±4.7)%, mean RV FWLS PK −28.9 (±5.1)%, and
median RV GLS septum PK −23.6 (20.2, 28.0)%.

Two observers (M.P.G. and L.K.) measured the RV GLS in order to assess interobserver
variability. Intraobserver variability was assessed by M.P.G. at an interval of 2–3 weeks.
Evaluating 10 patients, we found a high level of agreement with an interobserver correlation
coefficient of 0.969 and an intraobserver correlation coefficient of 0.847.

The mean RV GLS reduced significantly from −26.8 (±4.7)% at T1 to −21.5 (±4.4)%
at T3 (p < 0.001). Both the mean RV FWLS PK and median RV GLS septum PK reduced
significantly from −28.9 (±5.1)% at T1 to −25.6 (±5.9)% at T3 (p = 0.002) and from −23.6
(20.2, 28.0)% at T1 to −17.2 (11.9, 19.5)% at T3 (p < 0.001), respectively (Figure 2A–C). At T3,
30 (75%) and 23 (58%) patients showed a significant ≥ 10% relative reduction in RV GLS
and RV FWLS PK, respectively. RV GLS and RV FWLS PK relative reduction of ≥ 15% was
seen in 28 (70%) and 20 (50%) of the patients, respectively (Table 2).

At T3, LVEF and LV GLS were within the normal range (Table 2). While LV GLS
10% and 15% relative reduction were observed in 14 (35%) and 8 (20%) patients, LVEF
reduction of 10% and above developed in only 2 (5%) patients, and none of the patients
presented with heart failure. No correlation between RV GLS relative reduction and LV
GLS relative reduction was observed. No significant differences were observed regarding
echocardiographic parameters, including RV GLS and RV FWLS PK, at T3 between patients
treated with or without trastuzumab therapy (p = 0.850 and p = 0.901, respectively).
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Figure 2. Right ventricle strain reduction during ANT therapy. (A) Reduction in RV GLS values
from T1 to T3; (B) reduction in RV FWLS PK values from T1 to T3; (C) reduction in RV GLS septum
PK values form T1 to T3. ANT = Anthracycline, RV = Right Ventricle, GLS = Global Longitudinal
Strain, FWLS PK = Free Wall Peak Systolic, PK = Peak Systolic, T1 = baseline before ANT therapy,
T2 = during ANT therapy, T3 = end of ANT therapy.
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Table 2. Study outcomes at T3.

Variables Number(%)

RV GLS 10% relative reduction (n, %) 30 (75)

RV FWLS PK 10% relative reduction (n, %) 23 (58)

RV GLS septum PK 10% relative reduction (n, %) 31 (78)

RV GLS 15% relative reduction (n, %) 28 (70)

RV FWLS PK 15% relative reduction (n, %) 20 (50)

RV GLS septum PK 15% relative reduction (n, %) 29 (73)

LV GLS (%) (mean, SD) 19.7 (±1.8)

EF (%) (mean, SD) 59 (±2)

LV GLS 10% relative reduction (n, %) 14 (35)

LV GLS 15% relative reduction (n, %) 8 (20)

CTRCD (n, %) 2 (5)
GLS = Right Ventricle Global Longitudinal Strain, RCFWLS = Right Ventricle Free Wall Longitudinal Strain,
PK = Peak systolic, T3 = echocardiography after the completion of doxorubicin therapy, LVGLS = Left Ventricle
Global Longitudinal Strain, LVEF = Left Ventricle Ejection Fraction, CTRCD = Cancer Therapeutics-Related
Cardiac Dysfunction.

4. Discussion

In this pilot study, we demonstrated a significant and frequent reduction in both RV
GLS and RV FWLS PK in breast cancer patients exposed to ANT therapy. While RV GLS
reduction was extremely frequent, LV function remained within normal values, suggesting
that the RV may be more vulnerable to ANT therapy. Future studies are needed to evaluate
whether early RV dysfunction can be used as a marker for LV dysfunction development in
cancer patients.

Overall RV function has been recognized as an independent prognostic factor in a
number of CV diseases [14] and has recently been shown to be affected by ANT expo-
sure [15,16]. RV function is routinely assessed by measuring sub-optimal estimations,
mainly TAPSE and tricuspid S’ velocity [17,18]. In contrast to standard echocardiography
methods, RV 2D-STE is able to evaluate the intrinsic function of the myocardium and can
distinguish passive from active motion of individual myocardial fibers [19,27]. Moreover,
2D-STE is less angle-dependent, less susceptible to artifact, and easily performed. RV
2D-STE can also be assessed from a single apical 4C view, which is routinely performed.
Planek et al. [28] showed that in patients with lymphoma, doxorubicin therapy was as-
sociated with a reduction in RV strain values, despite no change in LV function. Calle
et al. [29] also showed that early changes in GLS acts as a predictor for the development
of cardiotoxicity in patients treated with anthracycline and trastuzumab. Similar results
were shown by Zhao et al. [30], in which the decrease in RVEF preceded LVEF changes.
One of the reasons suggested by these authors relates to the fact that the RV wall is thinner,
having less reserve for compensation compared to the LV, and is thus more susceptible to
toxicity, leading to earlier manifestations. This finding is consistent with other imaging
modalities, as evidenced by a study from Ylanen et al. [31] evaluating the late effects of ANT
in childhood cancer survivors, using cardiac MRI. This study showed a 27% prevalence
of abnormal RV function and only an 18% prevalence of abnormal LV function among
these patients. In concordance with those results, our study found that a reduction in
both RV GLS and RV FWLS PK were extremely frequent (75% and 58%, respectively), and
reduced significantly during ANT therapy. Furthermore, this reduction occurred early,
within a mean of 138 days from T1. When looking at the change in RV GLS values, both
a 10% and 15% relative reduction were frequent, ranging from 75% and 70% for RV GLS
and 58% and 50% for RV FWLS PK. When compared to the LV GLS 10% and 15% relative
reduction observed among 35% and 20% of patients, we are able to deduce that the RV is
more susceptible to myocyte damage. No correlation was observed between RV GLS and
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LV GLS relative reduction, which may also suggest that RV GLS changes precede change
in LV GLS. This further emphasizes the importance of screening for early subclinical RV
dysfunction in cancer patients, even in the presence of normal LV GLS values.

The development of RV dysfunction has recently been the focus of other cancer
therapy regimens. For example, Calleja et al. [32] demonstrated the development of RV
dysfunction in breast cancer patients treated with trastuzumab. However, these patients
mostly had concurrent LV dysfunction, in contrast to our pilot study which was developed
to observe the use of RV GLS as an early subclinical marker prior to the development of
LV dysfunction. Keramida et al. [33] showed a reduction in RV GLS and RV FWLS PK
six months following the initiation of trastuzumab therapy, with a relative reduction of
−14.8% considered a predictive factor for cardiotoxicity development. In contrast, we did
not observe any significant differences in RV 2D-STE values between patients treated with
or without trastuzumab. This might be explained by the fact that our cohort focused on
ANT therapy with shorter follow-up evaluation, a period of time in which patients typically
received only 1–2 treatments of trastuzumab. Similarly, Keramida et al. [33] showed no
change in RV 2D-STE at 3-months follow-up.

Monitillo et al. [34] showed that RV dysfunction is a marker of poor prognosis, re-
gardless of LV function. Bosch et al. [35] also showed that RV systolic dysfunction was
independently associated with lower LVEF. Due to the short follow-up time, we did not an-
alyze the association between RV 2D-STE reduction and future LV dysfunction. Moreover,
due to the small size of our cohort, we could not perform multivariable adjustments and
take into account confounders such as blood pressure and other medical treatment.

Our study has several limitations. First, it is a single center study, and as such may
have been subject to bias. However, the prospective nature, homogenous population, and
the fact that echocardiography assessment was done by the same vendor, technician, and
interpreting physician is an advantage. Second, the relatively small cohort reduces the
statistical power and larger trials are needed. Third, the short period of time for follow up
did not allow us to evaluate whether the reduction in RV 2D-STE values is permanent, or
whether a recovery will occur. Furthermore, due to the low events rate of morbidity and
mortality, we were unable to evaluate the clinical association between RV 2D-STE reduction
and CV outcomes.

5. Conclusions

Our pilot study examines an understudied echocardiography technique for the early
detection and diagnosis of sub-clinical cardiac damage in cancer patients. A significant
reduction in RV GLS and RV FWLS PK is extremely frequent among patients diagnosed
with breast cancer and exposed to ANT therapy. Furthermore, we showed that RV GLS
reduction was more frequent than LV GLS reduction. Larger studies with longer follow-up
are needed to evaluate the impact of RV GLS measurement in routine follow-up and the
need for initiating cardio-protective therapies among patients treated with ANT.
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12. Çetin, S.; Babaoğlu, K.; Başar, E.Z.; Deveci, M.; Çorapçıoğlu, F. Subclinical anthracycline-induced cardiotoxicity in long-term
follow-up of asymptomatic childhood cancer survivors: Assessment by speckle tracking echocardiography. Echocardiography
2018, 35, 234–240. [CrossRef] [PubMed]

13. Poterucha, J.T.; Kutty, S.; Lindquist, R.K.; Li, L.; Eidem, B.W. Changes in left ventricular longitudinal strain with anthracycline
chemotherapy in adolescents precede subsequent decreased left ventricular ejection fraction. J. Am. Soc. Echocardiogr. 2012, 25,
733–740. [CrossRef] [PubMed]

14. De Groote, P.; Millaire, A.; Foucher-Hossein, C.; Nugue, O.; Marchandise, X.; Ducloux, G.; Lablanche, J.M. Right ventricular
ejection fraction is an independent predictor of survival in patients with moderate heart failure. J. Am. Coll. Cardiol. 1998, 32,
948–954. [CrossRef]

15. Boczar, K.E.; Aseyev, O.; Sulpher, J.; Johnson, C.; Burwash, I.G.; Turek, M.; Dent, S.; Dwivedi, G. Right heart function deteriorates
in breast cancer patients undergoing anthracycline-based chemotherapy. Echo. Res. Pract. 2016, 3, 79–84. [CrossRef] [PubMed]

16. Tadic, M.; Baudisch, A.; Haßfeld, S.; Heinzel, F.; Cuspidi, C.; Burkhardt, F.; Escher, F.; Attanasio, P.; Pieske, B.; Genger, M. Right
ventricular function and mechanics in chemotherapy- and radiotherapy-naive cancer patients. Int. J. Cardiovasc. Imaging 2018, 34,
1581–1587. [CrossRef] [PubMed]

17. Lee, J.H.; Park, J.H. Strain Analysis of the Right Ventricle Using Two-dimensional Echocardiography. J. Cardiovasc. Imaging 2018,
26, 111–124. [CrossRef]

18. Rudski, L.G.; Lai, W.W.; Afilalo, J.; Hua, L.; Handschumacher, M.D.; Chandrasekaran, K.; Solomon, S.D.; Louie, E.K.; Schiller, N.B.
Guidelines for the echocardiographic assessment of the right heart in adults: A report from the American Society of Echocardiog-
raphy endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology,
and the Canadian Society of Echocardiography. J. Am. Soc. Echocardiogr. 2010, 23, 685–713.

19. Sarvari, S.I.; Haugaa, K.H.; Anfinsen, O.G.; Leren, T.P.; Smiseth, O.A.; Kongsgaard, E.; Amlie, J.P.; Edvardsen, T. Right ven-
tricular mechanical dispersion is related to malignant arrhythmias: A study of patients with arrhythmogenic right ventricular
cardiomyopathy and subclinical right ventricular dysfunction. Eur. Heart J. 2011, 32, 1089–1096. [CrossRef]

http://doi.org/10.3322/caac.21149
http://www.ncbi.nlm.nih.gov/pubmed/22700443
http://doi.org/10.1016/j.ejca.2012.12.027
http://www.ncbi.nlm.nih.gov/pubmed/23485231
http://doi.org/10.1161/CIRCHEARTFAILURE.115.002661
http://doi.org/10.1016/j.jacc.2014.06.1167
http://www.ncbi.nlm.nih.gov/pubmed/25169180
http://doi.org/10.1093/ehjci/jeu192
http://www.ncbi.nlm.nih.gov/pubmed/25239940
http://doi.org/10.1097/HCO.0000000000000617
http://doi.org/10.1093/eurheartj/ehw211
http://doi.org/10.1093/eurheartj/ehw022
http://doi.org/10.1016/j.echo.2008.10.008
http://doi.org/10.1111/echo.14252
http://doi.org/10.1093/ehjci/jex033
http://www.ncbi.nlm.nih.gov/pubmed/28379383
http://doi.org/10.1111/echo.13743
http://www.ncbi.nlm.nih.gov/pubmed/29106752
http://doi.org/10.1016/j.echo.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22578518
http://doi.org/10.1016/S0735-1097(98)00337-4
http://doi.org/10.1530/ERP-16-0020
http://www.ncbi.nlm.nih.gov/pubmed/27457966
http://doi.org/10.1007/s10554-018-1379-0
http://www.ncbi.nlm.nih.gov/pubmed/29799062
http://doi.org/10.4250/jcvi.2018.26.e11
http://doi.org/10.1093/eurheartj/ehr069


Life 2022, 12, 291 10 of 10

20. Laufer-Perl, M.; Arias, O.; Dorfman, S.S.; Baruch, G.; Rothschild, E.; Beer, G.; Hasson, S.P.; Arbel, Y.; Rozenbaum, Z.; Topilsky, Y.; et al.
Left Atrial Strain changes in patients with breast cancer during anthracycline therapy. Int. J. Cardiol. 2021, 330, 238–244. [CrossRef]

21. Laufer-Perl, M.; Arnold, J.H.; Mor, L.; Amrami, N.; Derakhshesh, M.; Moshkovits, Y.; Sadeh, B.; Arbel, Y.; Topilsky, Y.; Rozenbaum, Z.
The association of reduced global longitudinal strain with cancer therapy-related cardiac dysfunction among patients receiving
cancer therapy. Clin. Res. Cardiol. 2020, 109, 255–262. [CrossRef] [PubMed]

22. Thavendiranathan, P.; Poulin, F.; Lim, K.D.; Plana, J.C.; Woo, A.; Marwick, T.H. Use of myocardial strain imaging by echocardiography
for the early detection of cardiotoxicity in patients during and after cancer chemotherapy: A systematic review. J. Am. Coll. Cardiol.
2014, 63, 2751–2768. [CrossRef] [PubMed]

23. Lang, R.M.; Bierig, M.; Devereux, R.B.; Flachskampf, F.A.; Foster, E.; Pellikka, P.A.; Picard, M.H.; Roman, M.J.; Seward, J.;
Shanewise, J.; et al. Recommendations for chamber quantification. Eur. J. Echocardiogr. 2006, 7, 79–108. [CrossRef] [PubMed]

24. Charbonnel, C.; Convers-Domart, R.; Rigaudeau, S.; Taksin, A.L.; Baron, N.; Lambert, J.; Ghez, S.; Georges, J.L.; Farhat, H.;
Lambert, J.; et al. Assessment of global longitudinal strain at low-dose anthracycline-based chemotherapy, for the prediction of
subsequent cardiotoxicity. Eur. Heart J. Cardiovasc. Imaging 2017, 18, 392–401. [CrossRef] [PubMed]

25. Muraru, D.; Onciul, S.; Peluso, D.; Soriani, N.; Cucchini, U.; Aruta, P.; Romeo, G.; Cavalli, G.; Iliceto, S.; Badano, L.P. Sex-
and Method-Specific Reference Values for Right Ventricular Strain by 2-Dimensional Speckle-Tracking Echocardiography.
Circ. Cardiovasc. Imaging 2016, 9, e003866. [CrossRef]

26. Baruch, G.; Rothschild, E.; Kapusta, L.; Schwartz, L.A.; Biner, S.; Aviram, G.; Ingbir, M.; Nachmany, I.; Keren, G.; Topilsky, Y.
Impact of right ventricular dysfunction and end-diastolic pulmonary artery pressure estimated from analysis of tricuspid
regurgitant velocity spectrum in patients with preserved ejection fraction. Eur. Heart J. Cardiovasc. Imaging 2019, 20, 446–454.
[CrossRef]

27. Ho, S.Y.; Nihoyannopoulos, P. Anatomy, echocardiography, and normal right ventricular dimensions. Heart 2006, 92 (Suppl. 1),
i2–i13. [CrossRef]

28. Planek, M.I.C.; Manshad, A.; Hein, K.; Hemu, M.; Ballout, F.; Varandani, R.; Venugopal, P.; Okwuosa, T. Prediction of doxorubicin
cardiotoxicity by early detection of subclinical right ventricular dysfunction. Cardio-Oncology 2020, 6, 10. [CrossRef]

29. Arciniegas Calle, M.C.; Sandhu, N.P.; Xia, H.; Cha, S.S.; Pellikka, P.A.; Ye, Z.; Herrmann, J.; Villarraga, H.R. Two-dimensional
speckle tracking echocardiography predicts early subclinical cardiotoxicity associated with anthracycline-trastuzumab chemother-
apy in patients with breast cancer. BMC Cancer 2018, 18, 1037. [CrossRef]

30. Zhao, R.; Shu, F.; Zhang, C.; Song, F.; Xu, Y.; Guo, Y.; Xue, K.; Lin, J.; Shu, X.; Hsi, D.H.; et al. Early Detection and Prediction
of Anthracycline-Induced Right Ventricular Cardiotoxicity by 3-Dimensional Echocardiography. Cardio Oncol. 2020, 2, 13–22.
[CrossRef]

31. Ylänen, K.; Poutanen, T.; Savikurki-Heikkilä, P.; Rinta-Kiikka, I.; Eerola, A.; Vettenranta, K. Cardiac magnetic resonance imaging
in the evaluation of the late effects of anthracyclines among long-term survivors of childhood cancer. J. Am. Coll. Cardiol. 2013, 61,
1539–1547. [CrossRef]

32. Calleja, A.; Poulin, F.; Khorolsky, C.; Shariat, M.; Bedard, P.L.; Amir, E.; Rakowski, H.; McDonald, M.; Delgado, D.; Thavendi-
ranathan, P. Right Ventricular Dysfunction in Patients Experiencing Cardiotoxicity during Breast Cancer Therapy. J. Oncol. 2015,
2015, 609194. [CrossRef] [PubMed]

33. Keramida, K.; Farmakis, D.; Bingcang, J.; Sulemane, S.; Sutherland, S.; Bingcang, R.A.; Ramachandran, K.; Tzavara, C.;
Charalampopoulos, G.; Filippiadis, D. Longitudinal changes of right ventricular deformation mechanics during trastuzumab
therapy in breast cancer patients. Eur. J. Heart Fail. 2019, 21, 529–535. [CrossRef] [PubMed]

34. Monitillo, F.; Di Terlizzi, V.; Gioia, M.I.; Barone, R.; Grande, D.; Parisi, G.; Brunetti, N.D.; Iacoviello, M. Right Ventricular Function
in Chronic Heart Failure: From the Diagnosis to the Therapeutic Approach. J. Cardiovasc. Dev. Dis. 2020, 7, 12.

35. Bosch, L.; Lam, C.S.P.; Gong, L.; Chan, S.P.; Sim, D.; Yeo, D.; Jaufeerally, F.; Leong, K.T.G.; Ong, H.Y.; Ng, T.P.; et al. Right
ventricular dysfunction in left-sided heart failure with preserved versus reduced ejection fraction. Eur. J. Heart Fail. 2017, 19,
1664–1671. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ijcard.2021.02.013
http://doi.org/10.1007/s00392-019-01508-9
http://www.ncbi.nlm.nih.gov/pubmed/31214777
http://doi.org/10.1016/j.jacc.2014.01.073
http://www.ncbi.nlm.nih.gov/pubmed/24703918
http://doi.org/10.1016/j.euje.2005.12.014
http://www.ncbi.nlm.nih.gov/pubmed/16458610
http://doi.org/10.1093/ehjci/jew223
http://www.ncbi.nlm.nih.gov/pubmed/28064155
http://doi.org/10.1161/CIRCIMAGING.115.003866
http://doi.org/10.1093/ehjci/jey116
http://doi.org/10.1136/hrt.2005.077875
http://doi.org/10.1186/s40959-020-00066-8
http://doi.org/10.1186/s12885-018-4935-z
http://doi.org/10.1016/j.jaccao.2020.01.007
http://doi.org/10.1016/j.jacc.2013.01.019
http://doi.org/10.1155/2015/609194
http://www.ncbi.nlm.nih.gov/pubmed/26339242
http://doi.org/10.1002/ejhf.1385
http://www.ncbi.nlm.nih.gov/pubmed/30811091
http://doi.org/10.1002/ejhf.873
http://www.ncbi.nlm.nih.gov/pubmed/28597497

	Introduction 
	Materials and Methods 
	Study Population 
	Study Protocol 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

