
J A C C : C A R D I O O N C O L O G Y V O L . 2 , N O . 1 , 2 0 2 0

ª 2 0 2 0 T H E A U T H O R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E A M E R I C A N

C O L L E G E O F C A R D I O L O G Y F OU N D A T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
ORIGINAL RESEARCH
Early Detection and Prediction
of Anthracycline-Induced
Right Ventricular Cardiotoxicity by
3-Dimensional Echocardiography

Rui Zhao, MBBS,a,* Fang Shu, MD,b,* Chujie Zhang, MBBS,a Feiyan Song, MBBS,a Yuchen Xu, MBBS,a Ye Guo, MD,c

Kai Xue, MD,c Jinyi Lin, MD,d Xianhong Shu, MD, PHD,a David H. Hsi, MD,e Leilei Cheng, MD, PHDa
ABSTRACT
ISS

Fro

eas

Ch
dD
OBJECTIVES The purpose of this study was to assess the associations between 3-dimensional echocardiography (3DE)-

derived changes in right ventricular (RV) volumes and strains with subsequent RV cardiotoxicity in patients treated with

anthracyclines.

BACKGROUND Although early detection and prediction of left ventricular (LV) dysfunction has been widely studied in

patients receiving anthracyclines, little is known about the early changes in RV size and function in this population.

METHODS A total of 74 patients with diffuse large B-cell lymphoma who received 6 cycles of anthracycline-based

treatment were enrolled. Echocardiography was performed at baseline or before chemotherapy (pre-chemotherapy) (T0);

after 2 cycles (T1); after 4 cycles (T2); andat theendof6cyclesof chemotherapy (T3). Right ventricular end-diastolic volume

(RVEDV), end-systolic volume (RVESV), ejection fraction (RVEF), longitudinal free wall strain (RVLFS), and longitudinal

septal strain (RVLSS) were quantified by 3DE. RV cardiotoxicity was defined as a relative reduction of>10% in 3D RVEF or a

relative reduction of >5% to a value of <45%. Volume status was assessed by inferior vena cava diameter (IVCD) and the

estimated right atrial pressure (RAP).

RESULTS Twenty-seven patients developed cardiotoxicity after 6 cycles of chemotherapy (T3). Compared to baseline,

increases in 3D RVEDV (58.5� 7.7 ml vs. 64.2� 7.0 ml; p< 0.001) and RVESV (27.8� 4.2 ml vs. 31.3� 4.2 ml; p< 0.001)

were observed by the end of the fourth cycle of chemotherapy (T2). 3D RVLFS (�27.3 � 3.1% vs. �24.2 � 2.6%;

p < 0.001) was also decreased at T2 compared to baseline. Statistically significant declines in 3D RVLSS (�26.1 � 2.5%

vs. �22.9 � 2.7%; p < 0.001) and RVEF (54.0 � 2.8% vs. 49.8 � 2.4%; p < 0.001) were only observed at T3. A relative

decrease in RVLFS of>12.4% (sensitivity, 78.6%; specificity, 82.6%; area under the curve (AUC), 0.80; p＜ 0.001); and a

relative increase in RVESV of >13.2% (sensitivity, 71.4%; specificity, 71.7%; AUC, 0.76; p ＜0.001) from baseline to T2 -

predicted subsequent RV cardiotoxicity at T3. IVCD and RAP did not change significantly over time.

CONCLUSIONS 3DE-derived measurements of RV strain and volume were associated with subsequent changes in

RVEF. With further study, RVLFS and RVESV could potentially be used to predict subsequent declines in RVEF with

anthracyclines. (J Am Coll Cardiol CardioOnc 2020;2:13–22) © 2020 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A nthracyclines are widely used in
children and adults to treat hemato-
logic malignancies, breast cancer,

and sarcoma (1). However, there is a poten-
tial for cardiotoxicity, including dose-
dependent cardiomyopathy and heart
failure. Anthracycline-induced cardiotoxic-
ity has been observed to potentially be irre-
versible in patients treated for lymphoma,
resulting in overall worse outcomes (2). Prior
studies suggest that more than one-half of
patients treated with anthracyclines exhibit
cardiac dysfunction to some extent, and an
estimated 5% to 65% develop over heart
failure, depending upon dose (3,4).

However, more current studies have
indicated that left ventricular ejection
fraction (LVEF) recovery and a decrease in
adverse cardiac events may be achieved with
early institution of angiotensin-converting
enzyme inhibitors and beta-blockers (5). These data
would imply that it may be important to detect
anthracycline-induced cardiotoxicity early. Echocar-
diography has been recommended by European Soci-
ety of Cardiology as part of routine surveillance of
cardiotoxicity (6). Previous studies have provided a
variety of echocardiography parameters to detect and
predict anthracycline-induced LV cardiotoxicity (7).
However, limited data are available for parameters
which could reflect subclinical right ventricular (RV)
dysfunction and potential predictors of RV cardiotox-
icity. Several animal experiments and clinical studies
indicate that the RV may also be susceptible to
anthracycline-induced cardiotoxicity (8,9).
SEE PAGE 23
Due to the special geometric structure and unique
wall motion of the RV, routine techniques for echo-
cardiographic assessment of the RV has challenges
(10). However, 3-dimensional echocardiography (3DE)
tracks changes in RV volumes in real time, including
the inflow and outflow tracts and the apex
throughout the cardiac cycle. 3DE evaluation of RV
function and morphology has been compared to car-
diac magnetic resonance and is accurate, feasible, and
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reproducible (11,12). Therefore, a prospective cohort
study was designed to understand the potential
role of 3DE in the early identification and prediction
of RV cardiotoxicity induced by anthracycline
chemotherapy.

SUBJECTS AND METHODS

STUDY POPULATION. A total of 74 consecutive
patients with pathologically confirmed diffuse large
B-cell lymphoma at Fudan University Shanghai Can-
cer Center were enrolled in the study between May
2014 and May 2015. All patients received 6 cycles of
R-CHOP therapy (cyclophosphamide 750 mg/m2;
vincristine 1.4 mg/m2 up to a maximum dose of
2 mg/m2; doxorubicin 50 to 70 mg/m2 on day 1;
prednisone 100 mg on days 1 to 5; and rituximab
375 mg/m2 every 21 days). All therapy was given
intravenously, except for prednisone, which was
administered orally. Each patient underwent echo-
cardiography examination before the commencement
of chemotherapy (T0) and after the completion of
every 2 cycles of chemotherapy (T1), for a total
of 6 cycles (T3). Age <18 years, viral myocarditis,
hypertension with systolic blood pressure of
>140 mm Hg or diastolic pressure of >90 mm Hg,
serious arrhythmia (atrial fibrillation, atrial flutter,
ventricular tachycardia >3 beats and greater than the
second-degree cardiac conduction block), a history of
heart failure, and/or coronary artery disease were
exclusion criteria for enrollment. All patients were
provided informed consent for participation in the
study and anthracycline treatment. Fudan University
Shanghai Cancer Center (1212117-6) and Zhongshan
Hospital Research Ethics Committee approved the
protocol (2011-117).
ECHOCARDIOGRAPHY DATA ACQUISITION. All sub-
jects underwent standard 2DE and 3DE at the baseline
(T0), 8 to 15 days after the completion of 2 cycles (T1),
8 to 15 days after the completion of 4 cycles (T2), and
at 50 to 60 days after 6 cycles (T3) of chemotherapy.
Images were obtained with a commercially available
ultrasonography system (iE33, Philips Medical Sys-
tems, Andover Massachusetts) equipped with S5-1
(1 to 5 MHz) and X3-1 (1 to 3 MHz), a fully sampled
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matrix transducer. Standard 2DE and 3DE were per-
formed according to the recommendations of the
American Society of Echocardiography (13). Five
consecutive cycles for 2DE images and 6 consecutive
cardiac cycles for 3DE images were acquired for offline
analysis. Image parameters such as depth, sector size,
angle, and focus were optimized to achieve a frame
rate range of 60 to 80 fps for 2DE and 30 to 45 fps for
3DE analysis. Sonographers and off-line echocardiog-
raphy readers were blinded to all clinical data.

2D, M-MODE, AND DOPPLER ECHOCARDIOGRAPHY

ANALYSIS. Tricuspid annular plane systolic excur-
sion was acquired through the M-mode approach in
the apical 4-chamber view. Pulse wave Doppler vari-
ables (tricuspid/mitral inflow velocities: peak E ve-
locity of early diastolic filling [E]; peak A velocity of
late diastolic filling [A]; tissue Doppler parameters
peak tricuspid/mitral annulus systolic velocity [S0];
RV/LV peak early diastolic myocardial velocity [E0];
and RV/LV peak atrial contraction velocity [A0]) were
acquired according to a standard protocol (13). Pul-
monary artery systolic pressure was estimated using
the continuous wave Doppler of the tricuspid regur-
gitation jet. Inferior vena cava diameter (IVCD) was
measured in the subcostal view with the patient in
the supine position at 1.0 to 2.0 cm from the junction
of the right atrium. The right atrial pressure was
estimated based on IVCD and its collapse after sniff
according to the ASE guidelines (13).

3 DIMENSIONAL ECHO DATA ANALYSIS. Offline
analysis of the right ventricular 3-dimensional echo-
cardiography data was performed using the TomTec
4D RV analysis workstation (version 4.6.0.411, TomTec
Imaging Systems, Unterschleißheim, Germany)
(Figures 1A and 1B). Care was taken to include trabec-
ulae during measurements. RV end-diastolic volume
(RVEDV); RV end-systolic volume (RVESV); RV ejection
fraction (RVEF); LV end-diastolic volume (LVEDV);
end-systolic volume (LVESV); and LVEF were
measured. RV longitudinal free wall strain (RVLFS);
RV longitudinal septal strain (RVLSS); LV global lon-
gitudinal strain (LVGLS); and LV global circumferential
strain (LVGCS) were acquired simultaneously.

INTRAOBSERVER AND INTEROBSERVER VARIABILITY

ANALYSIS. Intraobserver and interobserver variability
were assessed by randomly selecting 15 patients to be
measured by 1 observer twice and by another inde-
pendent observer. Interobserver measurement
showed intraclass correlation coefficients (ICCs) of
0.953 (95% confidence interval [CI]: 0.941 to 0.968)
for RVEDV; 0.942 (95% CI: 0.932 to 0.956) for RVESV;
0.926 (95% CI: 0.912 to 0.939) for RVLSS; and 0.945
(95% CI: 0.933 to 0.958) for RVLFS. Intraobserver
measurements showed ICCs of 0.961 (95% CI: 0.948
to 0.975) for RVEDV; 0.960 (95% CI: 0.949 to 0.975)
for RVESV; 0.933 (95% CI: 0.925 to 0.943) for RVLSS;
and 0.937 (95% CI: 0.922 to 0.948) for RVLFS.

UNIVARIATE LOGISTIC REGRESSION ANALYSIS OF

PREDICTORS OF RV CARDIOTOXICITY. RV car-
diotoxicity was defined in this study as a >10% rela-
tive reduction in RVEF or a relative reduction
of >5% to an absolute value of <45% (7,13).
Changes in echocardiographic parameters over time
were included in the univariate logistic regression
analysis to evaluate possible predictors of subsequent
RV cardiotoxicity. Baseline echocardiographic pa-
rameters and the relative percentage of changes in
echocardiographic parameters between T0 and T1 and
between T0 and T2 were included as variables in the
univariate logistic regression analysis.

STATISTICAL ANALYSIS. Continuous variables were
expressed as mean � SD. Categorical variables were
expressed as counts (percentages). Kolmogorov-
Smirnov Z tests were used to evaluate the normality
of the data. Parametric tests were applied when
normality was satisfied, otherwise the Wilcoxon
signed rank and chi-square tests were used for
nonparametric data. Differences in echocardiographic
parameters at baseline and at the end of every 2 cy-
cles of chemotherapy were evaluated using linear
mixed-effects models with a random intercept to ac-
count for intrapatient correlation of repeated mea-
surements. An independent covariance structure was
assumed. The Bonferroni method was used to adjust
for multiple pairwise comparisons. Possible pre-
dictors (changes over time in echocardiographic pa-
rameters) of RV cardiotoxicity were analyzed by
univariate logistic regression; odds ratio and 95% CIs
were calculated. Receiver operating characteristic
(ROC) curves were obtained, and the associated cutoff
points with the greatest sensitivity and specificity
were selected according to Youden’s index. Area un-
der the ROC curve (AUC) was calculated to determine
the discriminative ability of various echocardio-
graphic parameters between patients with and
without RV cardiotoxicity. Intra- and interobserver
variability of RVLSS, RVLFS, RVEDV, and RVESV were
assessed using ICCs. SPSS version 22 software (SPSS
Inc., Chicago, Illinois) and MedCalc software version
15.6.1.0 (MedCalc, New York City, New York) were
used for data processing. A p value of <0.05 was
considered statistically significant.

RESULTS

A total of 80 patients were screened. Two patients
were excluded due to uncontrolled hypertension



FIGURE 1 Examples of Echocardiography Studies of 3DE Right Ventricular Parameters Using TomTec Offline Analysis Software

Four planes were displayed for tracing of the endocardium: the apical 4-chamber view, 3 short-axis planes near the apex, the mid-level, and the base of the right

ventricle. The right ventricular endocardial contour was traced semiautomatically frame by frame and with refinement by manual adjustment when necessary at end-

diastolic and end-systolic phases. 3DE ¼ 3-dimensional echocardiography.
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TABLE 1 Baseline Clinical Characteristics and Cardiac Risk Factors in Patients With or

Without Cardiotoxicity

All Patients
(N ¼ 74)

Cardiotoxicity
(n ¼ 27, 36%)

Noncardiotoxicity
(n ¼ 47, 64%) p Value

Age, yrs 48.9 � 11.8 49.6 � 10.7 48.5 � 12.1 0.112

Height, cm 166.9 � 6.1 165.7 � 6.9 167.6 � 5.7 0.201

Weight, kg 65.6 � 11.6 64.4 � 10.7 66.3 � 11.9 0.197

HR, beats/min 78.6 � 11.9 79.3 � 11.1 78.2 � 12.4 0.226

SBP, mm Hg 117.4 � 9.6 118.0 � 9.1 117.1 � 10.3 0.109

DBP, mm Hg 75.2 � 7.4 74.8 � 6.3 75.4 � 8.1 0.318

Women 33 11 22 0.092

Men 41 16 25 0.114

Diabetes mellitus 5 (7) 2 (7) 3 (6) 0.252

Smoker 20 (27) 8 (29) 12 (25) 0.102

Cumulative anthracycline
dose, mg/m2

358.20 � 69.04 367.30 � 63.10 352.90 � 71.14 0.097

Values are mean � SD, n, or n (%). The p values compare cardiotoxicity with noncardiotoxicity.

DBP ¼ diastolic blood pressure; HR ¼ heart rate; SBP ¼ systolic blood pressure.

TABLE 2 Vital Signs and 2DE Parameters Before and After Chemotherapy

T0 T1 T2 T3

Weight, kg 65.6 � 11.6 65.2 � 11.8 65.3 � 12.4 65.5 � 12.2

HR, beats/min 78.6 � 11.9 79.1 � 11.3 80.5 � 10.7 79.3 � 11.6

SBP, mm Hg 117.4 � 9.6 116.8 � 9.8 116.1 � 11.0 115.9 � 9.5

DBP, mm Hg 75.2 � 7.4 75.4 � 7.3 74.8 � 6.8 74.0 � 7.0

RVFAC, % 43.2 � 4.6 43.4 � 4.9 44.6 � 4.2 44.3 � 5.5

TAPSE, mm 21.6 � 2.3 21.4 � 2.0 21.3 � 1.7 20.9 � 1.9

RV E, cm/s 55.2 � 8.8 56.4 � 9.9 54.9 � 7.6 56.5 � 8.3

RV A, cm/s 50.7 � 10.8 52.5 � 12.0 52.3 � 12.0 48.8 � 12.0

RV S0, cm/s 14.5 � 3.4 14.6 � 3.0 14.0 � 2.6 14.6 � 3.1

RV E0, cm/s 12.3 � 4.0 11.4 � 3.1 11.2 � 2.6 11.2 � 3.0

RV A0, cm/s 14.6 � 4.2 15.4 � 4.8 14.7 � 3.8 14.7 � 3.4

RV E/E0 ratio 5.3 � 1.5 5.2 � 1.4 5.1 � 1.4 4.9 � 1.5

PASP, mm Hg 30.9 � 3.8 30.7 � 4.0 30.4 � 3.6 30.5 � 3.9

LV E, cm/s 64.9 � 11.8 64.1 � 12.6 62.7 � 10.9 60.6 � 13.3

LV A, cm/s 63.0 � 14.9 65.6 � 12.1 64.7 � 16.2 66.3 � 14.1

LV E/A ratio 1.01 � 0.21 0.99 � 0.30 0.97 � 0.35 0.94 � 0.25

LV S0, cm/s 12.2 � 2.4 12.0 � 2.5 11.5 � 2.9 11.6 � 1.8

LV E0, cm/s 10.0 � 1.4 9.7 � 1.3 9.6 � 1.8 9.4 � 1.4

LV A0, cm/s 8.8 � 2.4 8.7 � 1.9 8.4 � 1.4 8.2 � 1.6

LV E/E0 ratio 7.0 � 1.4 6.6 � 1.7 6.4 � 2.2 6.5 � 1.5

IVCD, mm 16.7 � 1.1 16.4 � 1.3 17.1 � 1.5 17.7 � 1.3

RAP, mm Hg 3.9 � 1.8 4.0 � 1.7 3.9 � 1.8 4.1 � 2.0

Values are mean � SD.

A ¼ peak inflow velocity of late diastolic filling; A’ ¼ peak late diastolic myocardial velocity;
DBP ¼ diastolic blood pressure; E ¼ peak inflow velocity of early diastolic filling; E’ ¼ peak early
diastolic myocardial velocity; HR ¼ heart rate; IVCD ¼ inferior vena cava diameter; LV ¼ left
ventricle; PASP ¼ pulmonary artery systolic pressure; RAP ¼ right atrial pressure; RV ¼ right
ventricle; RVFAC ¼ right ventricular fractional area change; S0 ¼ systolic velocity of tricuspid
annulus; SBP¼ systolic blood pressure; T0 ¼ baseline before chemotherapy; T1¼ after 2 cycles of
chemotherapy; T2 ¼ after 4 cycles of chemotherapy; T3 ¼ after 6 cycles of chemotherapy;
TAPSE ¼ tricuspid annular plane systolic excursion.
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and coronary artery disease. Four patients were
excluded because of poor image quality. The final
analytic cohort included 74 patients, of whom 41 (55%)
were men, 33 were women, and ages ranged from 20 to
78 years old (mean age: 48.9 � 11.8 years). Patient
demographics and clinical characteristics are shown in
Table 1. The mean cumulative anthracycline dose was
358.20 � 69.04 mg/m2. No patients required acute
treatment for dehydration or additional intravenous
fluids beyond the standard chemotherapy. None of the
patients received other cardiotoxic therapy, radiation
therapy, or cardioprotective medications during the
study period, and none developed signs or symptoms
of heart failure.

EFFECTS OF ANTHRACYCLINE CHEMOTHERAPY ON

2DE AND DOPPLER PARAMETERS. 2DE and Doppler
parameters are shown in Table 2. RV fractional area did
not change significantly during follow-up. Pulmonary
artery systolic pressure and IVCD remained stable and
within normal limits at baseline and at each follow-up
point of the chemotherapy. There were no significant
changes in Doppler parameters of RV or LV diastolic
function during anthracycline chemotherapy.

CHANGES IN 3DE PARAMETERS WITH ANTHRACYCLINE

CHEMOTHERAPY. 3DE-derived RV and LV volumes, EF,
and strain parameters are shown in Table 3. Compared
to T0 (baseline, pre-chemotherapy), a significant
decrease in RVEF was only observed at T3. A total of 27
patients (36%) met the criteria of RV cardiotoxicity at
T3 (RVEF decreased from 54.8 � 3.5% at baseline to
48.3 � 2.6%). Of the 27 patients, 4 patients experi-
enced a decline in RVEF to <45%. Two of those pa-
tients had a decline in RVEF percentage of >10%, and 2
patients had a decline in RVEF between 5% and 10%.
RVEDV increased significantly at T2 and T3 compared
to T0 or T1.

A statistically significant change in RVESV was
detected at T2 (p < 0.001) and persisted at T3. Sta-
tistically significant strain abnormalities in RVLFS
and LVGLS were observed at T2 (p < 0.001). However,
RVLSS and LVGCS were significantly decreased
only at T3 (p < 0.001), suggestive of a late change.
3DE-derived LVEDV (77.6 � 10.0 ml vs. 80.4 � 12.0 ml;
p ¼ 0.12), LVESV (30.3 � 7.6 ml vs. 33.2 � 8.0 ml;
p ¼ 0.078), and LVEF (62.1 � 5.7% vs. 59.3 � 5.9%;
p ¼ 0.083) were not significantly different from the
values at T0 to T3.

UNIVARIABLE LOGISTIC REGRESSION AND ROC

CURVE ANALYSIS OF PREDICTORS OF RV CARDIO-

TOXICITY. There were no differences in clinical char-
acteristics between patients with and without RV
cardiotoxicity (Table 1). Baseline values of RV strain
or RV volumes were not predictors of cardiotoxicity,
nor were changes in these measurements between T0
and T1. Relative or percent changes (D) between T0
and T2 of measurements of RV size and function were
also evaluated as potential predictors of RV car-
diotoxicity (Table 4).



TABLE 3 3DE Parameters Before and at Each Follow-Up Point During Chemotherapy

T0 T1 T2 T3

RVEDV, ml 58.5 � 7.7 60.2 � 7.7 64.2 � 7.0*† 66.0 � 6.6*†

RVESV, ml 27.8 � 4.2 28.9 � 4.3 31.3 � 4.2*† 34.1 � 3.7*†‡

RVEF, % 54.0 � 2.8 53.6 � 2.9 52.8 � 3.1 49.8 � 2.4*†‡

RVLFS, % �27.3 � 3.1 �25.4 � 3.3 �24.2 � 2.6* �21.9 � 2.8*†‡

RVLSS, % �26.1 � 2.5 �25.6 � 2.9 �24.7 � 2.9 �22.9 � 2.7*†

LVEDV, ml 77.6 � 10.0 78.2 � 11.2 79.4 � 9.7 80.4 � 12.0

LVESV, ml 30.3 � 7.6 31.5 � 6.9 32.0 � 6.4 33.2 � 8.0

LVEF, % 62.1 � 5.7 61.5 � 5.1 60.5 � 6.2 59.3 � 5.9

LVGLS, % �24.2 � 3.6 �22.3 � 4.0 �20.5 � 3.3* �19.1 � 4.2*†

LVGCS, % �26.6 � 5.3 �25.7 � 4.9 �24.9 � 4.6 �23.7 � 5.6*

Values are mean � SD. *Compared with T0, p < 0.05. †Compared with T1, p < 0.05. ‡Compared with T2,
p < 0.05.

LVEDV ¼ left ventricular end-diastolic volume; LVEF ¼ left ventricular ejection fraction; LVESV ¼ left ven-
tricular end-systolic volume; LVGCS ¼ left ventricular global circumferential strain; LVGLS ¼ left ventricular
global longitudinal strain; RVEDV ¼ right ventricular end-diastolic volume; RVEF ¼ right ventricular ejection
fraction; RVESV ¼ right ventricular end-systolic volume; RVLFS ¼ right ventricular longitudinal free-wall strain;
RVLSS ¼ right ventricular longitudinal septal strain; other abbreviations are as in Table 2.
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DRVESV and DRVLFS between T0 and T2 were
associated with subsequent RV cardiotoxicity
(p ¼ 0.002 and p ¼ 0.001, respectively). However,
DRVEDV, DRVLSS, DLVGLS, and DLVGCS were not
predictors of RV cardiotoxicity. As shown in the ROC
curve analysis (Figures 2A and 2B), a relative decrease
in DRVLFS of >12.4% (sensitivity: 78.6%; specificity:
82.6%; AUC: 0.80; p ＜0.001) and a relative increase
in DRVESV of >13.2% (sensitivity: 71.4%; specificity:
71.7%; AUC: 0.76; p ＜0.001) were able to discriminate
between patients with and without RV cardiotoxicity
(Figure 2A). When DRVLFS and DRVESV were com-
bined, the sensitivity decreased to 69.6%, the speci-
ficity increased to 93.5%, and the AUC increased to
0.82 (Figure 2B). The Central Illustration displays the
change sequence of 3DE-based RV parameters during
the chemotherapy. RV volumes and strains changed
earlier than RVEF. Of these volume and strain indices,
RVESV and RVLFS could be predictors of RV car-
diotoxicity defined as the decline of RVEF at the end
of the follow-up.
TABLE 4 Univariable Analysis of Potential Predictors of

RV Cardiotoxicity

Odds Ratio 95% CI p Value

DRVESV 1.526 1.087–1.972 0.002

DRVEDV 0.849 0.641–1.173 0.225

DRVLFS 1.393 1.093–1.692 0.001

DRVLSS 1.059 0.921–1.182 0.120

DLVGLS 1.146 0.986–1.671 0.092

DLVGCS 0.983 0.649–2.143 0.116

D ¼ percentages of change between T0 and T2; CI ¼ confidence interval; other
abbreviations are as in Tables 2 and 3.
DISCUSSION

In this study, changes in RV structure and function
in lymphoma patients treated with anthracycline-
based chemotherapy were carefully detailed using
3DE. Compared with 3DE-derived LVEF, 3DE-derived
RVEF was impaired at an earlier stage. Of the sub-
clinical changes in RV structure and function, the
changes in RVLFS and RVESV occurred after the
completion of the fourth cycle of chemotherapy (T2).
These changes were associated with a subsequent
decline of RVEF at the end of the entire chemo-
therapy (T3).

RVEF, LVEF, AND ANTHRACYCLINE-INDUCED

CARDIOTOXICITY. The definition of LV cardiotox-
icity in previously published studies has been vari-
able, which has been a limitation for the field of
cardio-oncology. Some studies defined LV car-
diotoxicity as a reduction of the LVEF of $5%
to <55% with symptoms of heart failure or an
asymptomatic reduction of the LVEF of $10%
to <55% (7), whereas other studies have chosen an
LVEF decline of <45% or 15 points from baseline as
LV cardiotoxicity (14). The 2016 European Society of
Cardiology position paper on cancer treatments and
cardiovascular toxicity recommends an absolute
decrease of 10% to a value below a lower limit of
normal (6). Due to the paucity of data, the definition
RV cardiotoxicity is not completely established in
cardio-oncology. Based on the aforementioned
guidance in defining LV cardiotoxicity from previous
studies, the present authors found it reasonable to
use a percentage or relative decline in RVEF as a
definition of cardiotoxicity. The lower limit of
normal in the present study was defined as 45%,
which has been recommended by the ASE guide-
lines (13).

Of note, 3DE-based LVEF did not show a significant
change during chemotherapy, whereas RVEF
decreased significantly at T3. The reasons accounting
for this phenomenon may be the structural differ-
ences between the 2 ventricles and time period in
which cardiotoxicity may manifest. Anthracycline-
induced cardiotoxicity tends to display a regional
pattern in which the subendocardial component of
the ventricle is most susceptible to the toxicity (15).
At an early stage, the impaired contractility of the
subendocardial layer could be compensated by the
relatively normal epicardial layer, thus leading to a
preserved LVEF. If the toxic effects of chemotherapy
persist, cardiac decompensation and symptomatic
heart failure could occur. It is possible that the
thinner RV wall has less reserve for compensation



FIGURE 2 ROC Curves for 3-Dimensional Echocardiographic Parameters in Predicting Right Ventricular Cardiotoxicity

(A) ROC curve analysis of DRVLFS and DRVESV respectively. The point corresponding to the cutoff value were marked as yellow circles on each curve respectively.

There were no significant differences between the area under each curve (p ¼ 0.45). (B) ROC curve analysis of combined DRVLFS and DRVESV (curve). When DRVLFS

and DRVESV were combined in the ROC curve analysis, the sensitivity declined while the specificity increased, and the AUC increased. D ¼ percentage change of measure

between T0 (pre-chemotherapy) and T2 (after 4 cycles); AUC ¼ area under the curve; ROC ¼ receiver operating characteristic; RVESV ¼ right ventricular end-systolic

volume; RVLFS ¼ right ventricular longitudinal free wall strain.
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which might cause the earlier manifestation of a
decline in RVEF (16). Given that RV dysfunction has
been associated with worse outcomes in other pop-
ulations (17), it is important to further define and
understand the changes in RV function with
anthracyclines.

CHANGES IN RV STRAIN PARAMETERS ANDASSOCIATIONS

WITH RV CARDIOTOXICITY. EF is an index frequently
used to reflect chemotherapy-related systolic
dysfunction. However, due to its lack of sensitivity
in early detection of subclinical cardiac injury in
cancer patients receiving chemotherapy, the assess-
ment of EF alone may be limited (7). Strain derived
from speckle tracking imaging is a technique which
has been used to evaluate subclinical cardiac
dysfunction across multiple disease states (18).
Several studies have demonstrated the use of LV
strain parameters in the early detection and predic-
tion of LV cardiotoxicity induced by cancer (19,20).
However, there are few studies in RV strain as it
relates to cancer cardiotoxicity.

Boczar et al. (21) reported that longitudinal strain-
RV free wall decreased significantly in patients with
breast cancer treated with anthracyclines, which was
consistent with the results in the present study.
They also found that longitudinal strain-RV free wall
was impaired 3 months after the initiation of
chemotherapy, which was similar to the time frame
observed in the present study. The present longitu-
dinal data, however, uniquely demonstrates the
temporal change in RV strain, RV volumes, and
RVEF. After analyzing the relationship between the
changes of RV strain indices and RVEF, it was found
that a relative decrease of >12.4% in RVLFS between
baseline and the completion of 4 cycles of anthra-
cycline chemotherapy (T2) was associated with a
subsequent RVEF decline after 6 cycles (T3). Our
data may suggest that, with further study, RVLFS
could be a useful index to aid in the prediction of
subsequent RV cardiotoxicity.

However, whether there is an earlier time point at
which RVLFS could predict subsequent declines in
RVEF is still unknown. The changes in RVLSS, the
longitudinal septal strain of RV, demonstrated a
delayed response compared with that in RVLFS. The
present authors believe that the irregular geometry
and the potential resultant uneven stress of the RV
may have contributed to the asynchronous pattern in
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RV volumes, RV strain parameters and RVEF were determined during anthracycline chemotherapy. RVESV, RVEDV, and RVLFS changed significantly by T2. RVEF

declined significantly at T3. RV cardiotoxicity was defined as a relative reduction in RVEF of >10% or a 5% relative reduction in RVEF to <45%. A relative decrease in

RVLFS of >12.4% and a relative increase in RVESV of >13.2% from T0 to T2 was associated with subsequent RV cardiotoxicity. 3DE ¼ 3-dimensional echocardiography;

AUC ¼ area under the curve; DLBCL ¼ diffuse large B-cell lymphoma; R-CHOP ¼ cyclophosphamide, 750 mg/m2; vincristine, 1.4 mg/m2 up to a maximum dose of

2 mg/m2; doxorubicin, 50 to 70 mg/m2 on day 1; prednisone, 100 mg on days 1 to 5; and rituximab, 375 mg/m2; RV ¼ right ventricular; RVEDV ¼ right ventricular

end-diastolic volume; RVEF ¼ right ventricular ejection fraction; RVESV ¼ right ventricular end-systolic volume; RVLFS ¼ right ventricular longitudinal free-wall

strain; RVLSS ¼ right ventricular longitudinal septal strain; T0 ¼ before chemotherapy; T1 ¼ after the completion of 2 cycles of chemotherapy; T2 ¼ after the

completion of 4 cycles of chemotherapy; T3 ¼ after the completion of 6 cycles of chemotherapy.
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the changes in strain (22). RVLSS mainly reflects the
longitudinal strain of the septal myocardium,
whereas RVLFS reflects the longitudinal strain of the
free wall. According to Laplace’s law, wall stress
correlates positively with pressure and radius and
inversely with wall thickness. It is tempting to spec-
ulate that, given a free wall that is thinner in com-
parison to the septum, there was a greater degree of
wall stress and thus worse strain (22,23) Moreover, as
the septum is shared by both LV and RV, LV defor-
mation may result in some compensatory effects.
RV VOLUME PARAMETERS IN PREDICTING RV

CARDIOTOXICITY. The volumetric alterations in 3DE
RV were assessed, and it was determined that both
RVESV and RVEDV increased significantly after 4
cycles of chemotherapy (T2) compared to baseline
(T0). Analogous to studies of LV size (24), RVESV
increased before RVEF decline. The percent change in
RVESV between T0 and T2 was associated with a
decrease in RVEF.

Because the RV is more dependent on preload than
the LV, one might assume that preload resulted in the
observed changes in RV function. However, the pa-
tient’s body weight, blood pressure, pulmonary arte-
rial systolic pressures, IVCD, and estimated right atrial
pressure did not change significantly during the
course of the study. Moreover, each echocardiogram
was obtained 8 to 15 days after T1 and T2 and 50 to
60 days after T3 to avoid the influence of acute preload
changes. Of note, LV volumes did not change



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In patients

treated with anthracycline-based chemotherapy, the decrease

in 3DE RVEF during anthracycline treatment occurred

earlier than changes in LVEF. With further study, early changes

in 3DE RV longitudinal free-wall strain and RV end-systolic

volumes could be promising predictors of cardiotoxicity.

TRANSLATIONAL OUTLOOK: More studies are needed to

determine the relationship between RVEF declines and adverse

clinical outcomes in patients exposed to anthracyclines. There is

also an important need for standardized definitions of cardio-

toxicity. This study provides early data to support the potential

use of 3DE-derived measurements of RV function and size in

cardio-oncology.
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significantly during follow-up. It remains unknown
why the RVmay bemore susceptible than the LV in the
setting. At least to some extent, this may be related to
differences in LV wall thickness and wall stress.

STUDY LIMITATIONS. One limitation of the present
study was the absence of a comparison between 3DE
and cardiac magnetic resonance imaging or computed
tomography. Additionally, due to the small size and
short follow-up period of our study, a larger sample
with longer follow-up period is required in future
studies and to draw more definitive conclusions.
Moreover, the sample size was relatively small, which
also limited the ability to adjust for confounders.
Admittedly, the present definition of RV cardiotox-
icity was somewhat arbitrary and based on relative,
instead of absolute changes of small magnitude.
Standardized, clinically meaningful definitions of RV
cardiotoxicity need to be developed. The specific in-
clusion and exclusion criteria also affect the gener-
alizability of the study. Although we tried to maintain
stable volume status within patients and carefully
monitor preload conditions, parameters such as RV
volumes and strain are preload-dependent. Finally,
the reference cutoff points presented in our AUC an-
alyses need to be externally validated and studied in
much larger datasets.

CONCLUSIONS

Subclinical changes in RV function and size, including
in 3DE-derived RV strain and volume, occur after the
anthracycline-based chemotherapy. With further
study, RV longitudinal free-wall strain and RV end-
systolic volumes could be useful indices to predict
subsequent declines in RVEF with anthracyclines. In
the present study, the decrease in RVEF preceded
LVEF changes. If confirmed in external cohorts,
future monitoring of anthracycline toxicity may
potentially include parameters based on the 3DE
assessment of the right ventricle.
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