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Abstract: Objective: To evaluate the utility of real-time three-dimensional echocardiography (RT-3DE) and two-dimen-
sional speckle tracking imaging (2D-STI) for early detection of chemotherapy-induced cardiotoxicity in lymphoma
patients, and to identify independent predictors of cardiotoxicity using these imaging parameters. Methods: We
conducted a single-center retrospective cohort study at The First People’s Hospital of Changde City, enrolling 110
lymphoma patients who received anthracycline-based chemotherapy between January 2020 and January 2024.
Echocardiographic assessments, including RT-3DE and 2D-STI, were performed before chemotherapy and within 72
hours after the 3rd and 6th cycles. Cardiotoxicity was defined as a > 10% reduction in left ventricular ejection frac-
tion (LVEF) or an LVEF < 50%. Results: Baseline clinical characteristics showed significant differences in gender and
hypertension between the cardiotoxic and non-cardiotoxic groups (both P < 0.05). RT-3DE revealed time-dependent
changes, with LAEFa higher and LAEFa/LAEFt lower in the cardiotoxic group at 3 and 6 weeks post-chemotherapy,
respectively (all P < 0.05). 2D-STI showed significant differences in LASct and LASr at 3 and 6 weeks (all P > 0.05).
GEE analysis indicated that changes in LAEFa, LAEFp, LAEFt, LASr, LASct, and LVEF were driven by the time x group
interaction effect (all P < 0.05). Conclusion: RT-3DE and 2D-STI are sensitive for early detection of anthracycline-
induced cardiotoxicity in lymphoma patients. LA functional indices (LAEFa, LAEFp, LAEFt) and LA strain indices
(LAST, LASct) may detect cardiotoxicity earlier than LVEF, suggesting their potential role in optimizing cardio-oncology
monitoring strategies.
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chemotherapy, early cardiotoxicity monitoring

Introduction Chemotherapy is a standard treatment for
lymphoma. Patients with early-stage Hodgkin

Lymphoma, a heterogeneous group of malig- lymphoma (HL) typically require 2-6 cycles of

nant tumors originating from the lymphohe-
matopoietic system, ranks among the hema-
tological malignancies with the highest inci-
dence and mortality rates worldwide. It is also
one of the most common malignancies in Chi-
na [1]. According to the GLOBOCAN 2022 stu-
dy, approximately 85,200 new cases of lym-
phoma were reported in China in 2022, with
an incidence rate of 6.03 per 100,000 po-
pulation. The number of deaths reached ar-
ound 41,600, corresponding to a mortality
rate of 2.95 per 100,000 population [2], re-
flecting an ongoing increase in the disease
burden.

chemotherapy, while non-Hodgkin lymphoma
(NHL) patients may undergo 6-8 cycles or more,
depending on the lymphoma subtype and st-
age [3, 4]. Combined chemotherapy regimens
centered on anthracyclines have significantly
improved the prognosis of patients with various
lymphoma subtypes. For early-stage HL pa-
tients treated with 2-6 cycles of the ABVD regi-
men (doxorubicin, bleomycin, vinblastine, dacar-
bazine), the 5-year progression-free survival
(PFS) rate exceeds 85% [5]. For patients wi-
th intermediate-to-high-risk NHL requiring 6-8
cycles of the R-CHOP regimen (rituximab, cyc-
lophosphamide, doxorubicin, vincristine), the
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5-year overall survival (OS) rate reaches 88.5%
[6].

Anthracycline-induced cardiotoxicity presents
distinct time-dependent characteristics. Ac-
cording to the 2016 European Society of Cardi-
ology Position Statement on Cancer Therapy
and Cardiovascular Toxicity [7], acute toxicity
typically occurs within hours to days after drug
infusion, manifesting as transient pericarditis,
QT interval prolongation, or arrhythmias, with
favorable clinical outcomes. Early chronic toxic-
ity, primarily characterized by occult left ven-
tricular (LV) dysfunction, may be subclinical ini-
tially, with a decline in left ventricular ejection
fraction (LVEF) of > 10% from baseline or an
LVEF < 50% as the disease progresses. Tradi-
tional LVEF monitoring has significant limita-
tions: as a macro-indicator of global LV systolic
function, LVEF decreases only after significant
myocardial cell damage or functional impair-
ment, typically delayed by 3-6 months com-
pared to subclinical injury, and it cannot detect
early myocardial strain abnormalities [8, 9].
However, early intervention during the subclini-
cal phase can reverse cardiac function in 64-
82% of patients with early-onset cardiotoxicity
[10]. Therefore, developing sensitive and spe-
cific early monitoring technologies is critical for
improving cardio-oncology management in lym-
phoma patients undergoing chemotherapy.

Real-time three-dimensional echocardiography
(RT-3DE) and two-dimensional speckle track-
ing imaging (2D-STI) are advanced echocardio-
graphic techniques that provide a new appro-
ach for early detection of cardiotoxicity. RT-3DE
uses a volume probe to capture dynamic three-
dimensional data of the entire heart, enabling
direct quantification of left atrial (LA) parame-
ters such as maximum volume (LAVmax), mi-
nimum volume (LAVmin), and functional indi-
ces (total function: LAEFt; conduit function:
LAEFp; booster pump function: LAEFa). Com-
pared to two-dimensional echocardiography,
RT-3DE has lower measurement errors and is
particularly useful for detecting subtle early LA
remodeling during chemotherapy [11, 12]. On
the other hand, 2D-STI calculates myocardial
strain parameters (LA reservoir strain: LASr; LA
conduit strain: LAScd; LA contractile strain:
LASct) by tracking the movement of natural
acoustic speckles in myocardial tissue. Its sen-
sitivity to subtle myocardial systolic dysfunction
is 2-3 times higher than that of traditional echo-
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cardiographic indicators, enabling the detec-
tion of subclinical myocardial injury even when
LVEF remains normal [13].

Although there is evidence supporting the use
of RT-3DE and 2D-STI for monitoring anthracy-
cline-induced cardiotoxicity in breast cancer,
most studies in lymphoma have focused on
late-stage cardiotoxicity (= 1 year after treat-
ment completion), with little attention to the
dynamic changes in early LA function during
chemotherapy. Furthermore, the diagnostic
efficacy of combining RT-3DE and 2D-STI for
early-onset cardiotoxicity in lymphoma patients,
as well as the feasibility of using LA function/
strain parameters as predictors of chemother-
apy-induced cardiotoxicity, has not been fully
explored. This study aims to analyze the dynam-
ic changes in LA function and strain parame-
ters in lymphoma patients before chemothera-
py and after 3 and 6 cycles of anthracycline-
based chemotherapy. Additionally, it seeks to
identify independent predictors of early-onset
cardiotoxicity, assess the clinical value of RT-
3DE and 2D-STI for early diagnosis, and pro-
vide evidence-based support for optimizing
cardio-oncology management strategies in lym-
phoma patients.

Materials and methods
Patient selection

Munoz-Rossi et al. [14] reported a 13% inci-
dence of anthracycline-related cardiotoxicity.

Statistical parameters: The following standard
norms were set for moderate-effect-size stud-
ies: (1) Type | error rate (o) = 0.05 (two-sided);
(2) Type Il error rate (B) = 0.25 (statistical po-
wer = 75%, which is common in single-center
retrospective studies with real-world data con-
straints); (3) Attrition rate = 8% (lower than
10% due to strict electronic medical record
screening).

We adopted the two-independent-samples t-
test formula for continuous parameters (such
as LAEFa), which was more aligned with our
study’s primary comparison, instead of the sin-
gle-proportion formula. This was verified using
G*Power 3.1 software. The key formula is:

Zi_a ¥ z1-p)° X ol + o7
n= (2 l( £) )(2 ! 2) X (1 + attrition rate)
L 2

z1-a/2 = 1.96 (o = 0.05), z1- = 0.67 (B = 0.25,
power = 75%);
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Initial Screening (Jan 2020-Dec 2023): Department
of Hematology, The First People's Hospital of
Changde City; 158 lymphoma patients scheduled
for anthracycline-based chemotherapy

Y

Exclusions (Total 48 cases):
Pre-existing cardiovascular diseases (25 cases)
Poor echocardiographic image quality (12 cases)
Non-anthracycline chemotherapy regimens (6
cases)
Refused follow-up (2 cases)

Y

Final Inclusion (110 cases)

. .

Cardiotoxic group:
19 cases

Non-Cardiotoxic
group: 91 cases

Figure 1. Patient enroliment flow diagram for lym-
phoma patients undergoing anthracycline-based
chemotherapy.

0l = 02 = 4.5 (SD of LAEFa in both groups,
assumed equal for simplicity);

ul-u2 = 6 (predefined mean LAEFa difference
between groups);

Attrition rate = 8%.

Considering the 1:7 group ratio (13% cardiotox-
icity incidence: 1 cardiotoxic case for every 7
non-cardiotoxic cases), the minimum total sam-
ple size required to ensure sufficient cases in
both groups is 90 cases (12 cardiotoxic, 78
non-cardiotoxic). Our study ultimately enrolled
110 patients (19 cardiotoxic, 91 non-cardiotox-
ic), exceeding the minimum required sample
Slize.

A total of 110 chemotherapy patients treated
at The First People’s Hospital of Changde City
from January 2020 to January 2024 were
included.

The inclusion criteria were as follows: (1) Pa-
thologically confirmed Hodgkin lymphoma or
non-Hodgkin lymphoma. (2) Scheduled to re-
ceive anthracycline-based chemotherapy regi-
mens. (3) Age > 18 years. (4) Baseline left ven-
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tricular ejection fraction (LVEF) =2 50%. (5) Com-
pleted both RT-3DE and 2D-STI assessments
before chemotherapy, and within 72 hours af-
ter the 3rd and 6th chemotherapy cycles.

The exclusion criteria were: (1) History of severe
cardiovascular diseases (e.g., myocardial infar-
ction, advanced heart failure, cardiomyopathy).
(2) Uncontrolled comorbidities affecting cardi-
ac function (hypertension, diabetes mellitus,
thyroid dysfunction). (3) Recent treatment with
therapies impacting cardiac function, including
radiation therapy or cardiotoxic medications.
(4) Severe hepatic or renal insufficiency.

Known allergy to echocardiographic contrast
agents

This study was approved by the ethics commit-
tee of The First People’s Hospital of Changde
City. Details of the sample size screening pro-
cess are shown in Figure 1.

Data extraction

Assessments were completed within 7 days
prior to chemotherapy, including information
such as age, gender, and Body Mass Index
(BMI), as well as comorbidities like diabetes
and hypertension. Comorbidities were assess-
ed using standardized questionnaires and labo-
ratory tests to confirm diabetes (fasting blood
glucose > 7.0 mmol/L or HbAlc > 6.5%) and
hypertension (systolic blood pressure > 140
mmHg or diastolic blood pressure > 90 mmHg,
or on antihypertensive treatment). Patients re-
ceived standard chemotherapy regimens con-
taining anthracycline drugs (each cycle lasting
21 days). Pathological subtypes were confirmed
according to the World Health Organization
(WHO) classification, and disease staging was
conducted using the Ann Arbor system. Patients
underwent RT-3DE and 2D-STI examinations
within 72 hours after the 3rd and 6th chemo-
therapy cycles.

Outcome measures

The primary outcomes included RT-3DE param-
eters after the 3rd and 6th chemotherapy
cycles (LAEFt, LAEFp, LAEFa, LVEF) as well as
2D-STI parameters (LASr, LAScd, LASct).

Cardiotoxicity was determined by a decrease in
LVEF of > 10% from baseline or an LVEF < 50%,
with or without related symptoms of heart fail-
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ure. Patients were categorized into two groups:
the cardiotoxic and non-cardiotoxic groups.

Equipment

The Philips EPIQ 7C ultrasound system (Philips
Medical Systems, USA) was used for all exami-
nations. Conventional two-dimensional echo-
cardiography was performed using the S5-1
probe, while three-dimensional echocardiogra-
phy utilized the X5-1 volume probe.

(1) Conventional echocardiography: Patients
were examined in the left lateral decubitus
position with electrocardiogram (ECG) monitor-
ing in a resting state. Left ventricular structure
and function were assessed, and parameters
measured included: left ventricular end-diastol-
ic diameter (LVEDd), interventricular septal
thickness (IVS), left ventricular posterior wall
thickness (LVPW), LVEF, relative wall thickness
(RWT), and left ventricular mass index (LVMI).

(2) RT-3DE: The apical four-chamber view was
selected to obtain clear endocardial images.
During breath-holding, dynamic 3D images
were recorded over four cardiac cycles. Offline
analysis was conducted using QLAB 13.0 soft-
ware in the 3DQA mode to generate time-vol-
ume curves for the left atrium. Parameters
such as left atrial maximal volume (LAVmax),
minimal volume (LAVmin), and pre-systolic vol-
ume (LAVpre) were recorded. These volume
measurements were normalized to body sur-
face area (BSA) to compute the left atrial vol-
ume index (LAVImax). Mechanical function pa-
rameters of the left atrium were also calculat-
ed, including LAEFt, LAEFp, and LAEFa.

(3) 2D-STI: The apical four-chamber and two-
chamber views were selected. Image parame-
ters were adjusted to obtain clear endocardial
delineation of the left atrium. Offline analysis
was conducted using QLAB 13.0 software with
the AutoStrain LA technique, which automati-
cally identifies and traces the endocardial bor-
der of the left atrium in 2D images. Strain val-
ues for different phases of the cardiac cycle
were measured relative to the end-diastolic
zero-strain reference point, including LA reser-
voir strain (LASr), conduit strain (LAScd), and
contraction strain (LASct).

Statistical analysis

Statistical analysis was performed using R
4.4.1 software. Continuous variables were ex-
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pressed as mean * standard deviation or medi-
an (interquartile range), and categorical vari-
ables as counts and percentages. The normali-
ty of data distribution was assessed using the
Kolmogorov-Smirnov test. Independent t-tests
or Mann-Whitney U tests were used for continu-
ous variables. For categorical variables, Pear-
son’s chi-square test was used first; if there
was an expected frequency of < 5 in any cell of
the contingency table, Fisher’s exact test was
applied instead, and the two-tailed P-value of
Fisher's exact test was used for statistical
inference.

Generalized Estimating Equations (GEE) were
used to analyze repeated measures data and
assess changes in echocardiographic parame-
ters over time, accounting for within-subject
correlations. All statistical tests were conduct-
ed with a significance level (&) set at 0.05, and
a P < 0.05 was considered to indicate a statisti-
cally significant difference.

Results
Comparison of general characteristics

No significant differences were observed be-
tween the two groups in terms of age, body
mass index, prevalence of diabetes, lymphoma
type, or disease stage (all P > 0.05). However,
significant differences were noted in gender
and the distribution of hypertension (both P <
0.05), with a higher proportion of males and
hypertensive patients in the cardiotoxic group,
as shown in Table 1.

No significant differences were found in any of
the echocardiographic parameters (all P >
0.05), including LVEDd, IVS, LVPW, RWT, LVM,
and LVMI, as shown in Table 2.

Comparison of RT-3DE and 2D-STI parameters
before chemotherapy, 3 and 6 cycles of che-
motherapy

Regarding LAEF-related indices, significant dif-
ferences were observed in post-3-cycle LAEFa
and post-6-cycle LAEFa between groups (both
P < 0.001). Specifically, the cardiotoxic group
exhibited higher LAEFa after 3 cycles but lower
LAEFa after 6 cycles. Among left atrial total
function indices, post-6-cycle LAEFt (P = 0.001)
was significantly reduced in the cardiotoxic
group. For LVEF, only post-6-cycle LVEF showed
a significant difference (P < 0.001), with a lower
value in the cardiotoxic group (Figure 2).
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Table 1. Comparison of clinical data between two groups

Characteristic Non-cardiotoxic (N = 91) Cardiotoxic (N = 19) Z/%? P

Age(year) 58.00 (56.00, 61.00) 58.00 (55.50, 60.50) 0.074 0.941

Gender Male 51 (56%) 17 (89.5%) 7.442 0.006
Female 40 (44%) 2 (10.5%)

BMI (kg/m?) 23.40 (21.50, 25.70) 22.10(20.85, 23.30) 0.381 0.704

Diabetes 26 (28.6%) 2 (10.5%) 2.697 0.148°

Hypertension 18 (19.8%) 0 (0%) 4.494 0.038°

Type Non-Hodgkin lymphoma 72 (79.1%) 14 (73.7%) 0.272 0.602
Hodgkin lymphoma 19 (20.9%) 5 (26.3%)

Stage -1v 57 (62.6%) 13 (68.4%) 0.227 0.634
-l 34 (37.4%) 6 (31.6%)

Note: BMI: Body Mass Index. When conducting data analysis and calculation, the assignment of values for categorical data,
Cardiotoxic = 1, Non-Cardiotoxic = O; Gender: male = 1, female = O; Hypertension: yes = 1, no = 0; Type: Non-Hodgkin lym-
phoma = 1, Hodgkin lymphoma = 2; Stage: lll-IV = 2, I-ll = 1. ®P value was obtained using Fisher’s exact test, and it represents

a two-tailed result.

Table 2. Comparison of conventional echocardiographic parameters between two groups

Characteristic Non-cardiotoxic (N = 91) Cardiotoxic (N = 19) t/Z P

LVEDd (mm) 41.06 (40.00, 45.00) 43.00 (41.10, 45.45) 1.056 0.291
IVS (mm) 7.96 (6.83, 10.35) 7.47 (6.00, 8.72) 0.543 0.587
LVPW (mm) 9.34 (7.06, 12.00) 8.23 (6.95, 12.00) 0.539 0.590
RWT 0.41 +0.09 0.38 £ 0.08 0.678 0.500
LVM (g) 120.91 (104.53, 133.99) 117.20 (91.84, 129.38) 0.761 0.447
LVMI (g/m?) 73.10 (66.60, 86.02) 76.36 (60.00, 82.58) 1.083 0.279

Note: LVEDd: Left Ventricular End-Diastolic Diameter; IVS: Interventricular Septal Thickness; LVPW: Left Ventricular Posterior
Wall Thickness; RWT: Relative Wall Thickness; LVM: Left Ventricular Mass; LVMI: Left Ventricular Mass Index.

In the cardiotoxic group, post-3-cycle LASct
(-15.00 vs. -18.00, P < 0.001), post-6-cycle
LASct (-12.00 vs. -17.00, P < 0.001), and post-
6-cycle LASr (13.00 vs. 14.00, P = 0.029) were
significantly lower than those in the non-cardio-
toxic group. No significant intergroup differenc-
es were observed for the remaining parameters
(pre-chemo LAScd, post-3-cycle LAScd, post-
6-cycle LAScd, pre-chemotherapy LASct, pre-
chemotherapy LASr, post-3-cycle LASr) (all P >
0.05, Figure 3).

After 3 cycles of chemotherapy, significant dif-
ferences in left atrial function were noted
between the non-cardiotoxic and cardiotoxic
groups. On RT-3DE (Figure 4A, 4B): LAEFa and
LAEFt in the non-cardiotoxic group remained
within the normal range; the cardiotoxic group
displayed “compensatory” features, including
left atrial volume dilation and a significant
increase in LAEFa - suggesting that the left atri-
um compensated for early myocardial injury by
enhancing active contraction. On 2D-STI (Figure
4C, 4D): LASr and LASct in the non-cardiotoxic
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group were normal; in the cardiotoxic group,
LASr showed no significant change, while LASct
was impaired - and this abnormality occurred
earlier than that of the traditional LVEF in-
dicator.

Results from GEE revealed that changes in
LAEFa were primarily influenced by the interac-
tion between chemotherapy time and cardio-
toxicity status. At 6 weeks post-chemotherapy,
LAEFa in the cardiotoxic group was significantly
lower than that in the non-cardiotoxic group
(P < 0.05). At 3 weeks post-chemotherapy, the
non-cardiotoxic group showed a significant de-
crease in LAEFa (P < 0.05), whereas no signifi-
cant change in LAEFa was observed in the car-
diotoxic group (P > 0.05). These findings in-
dicated significant differences in the dynamic
change patterns of LAEFa between the two
groups during chemotherapy, with the cardio-
toxic group exhibiting significant functional
decline in the late stage (6 weeks post-chemo-
therapy) (P < 0.05).
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Figure 2. Comparison of RT-3DE parameters between two groups. A: Comparison of LAEFa between the two groups
at pre-chemo, Post-3 cycles, and Post-6 cycles. B: Comparison of LAEFp between the two groups at the three time
points. C: Comparison of LAEFt between the two groups at the three time points. D: Comparison of LVEF between
the two groups at the three time points. Note: RT-3DE: Real-Time Three-Dimensional Echocardiography; LAEFa: Left
Atrial Booster Pump Function Ejection Fraction; LAEFp: Left Atrial Conduit Function Ejection Fraction; LAEFt: Left
Atrial Total Function Ejection Fraction; LVEF: Left Ventricular Ejection Fraction; ns: Non-significant (P > 0.05); **: P
< 0.01; ***: P < 0.001.
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Figure 3. Comparison of 2D-STI parameters between two groups. A: Comparison of LAScd between the two groups
at pre-chemo, Post-3 cycles, and Post-6 cycles. B: Comparison of LASct between the two groups at the three time
points. C: Comparison of LASr between the two groups at the three time points. Note: 2D-STI: Two-Dimensional
Speckle Tracking Imaging; LAScd: Left Atrial Conduit Strain; LASct: Left Atrial Contractile Strain; LASr: Left Atrial
Reservoir Strain; ns: Non-significant (P > 0.05); ***: P < 0.001.

With pre-chemotherapy (time = 0) as the refer-
ence, LAEFp in the non-cardiotoxic group sig-
nificantly increased at 3 weeks post-chemo-
therapy and maintained this significant increa-
sing trend at 6 weeks post-chemotherapy (both
P < 0.05) - reflecting the compensatory adjust-
ment of LA conduit function in the non-cardio-
toxic group. In contrast, the cardiotoxic group
did not exhibit a similar significant compensa-
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tory increase in LAEFp at either 3 or 6 weeks
post-chemotherapy (both P > 0.05), suggesting
that cardiotoxicity may disrupt the normal com-
pensatory process of LA conduit function.

Using pre-chemotherapy as the reference,
LAEFt in the non-cardiotoxic group significantly
increased at 3 weeks post-chemotherapy and
remained at a significantly elevated level at 6

Am J Cancer Res 2025;15(10):4291-4307
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Figure 4. Representative images of RT-3DE and 2D-STI at 3 weeks after chemotherapy. A: Left atrial three-dimen-
sional volume curve in Non-cardiotoxicity group. B: Left atrial three-dimensional volume curve in Cardiotoxicity
group. C: Left ventricular strain curve in Non-cardiotoxicity group. D: Left ventricular strain curve in Cardiotoxicity
group. Note: RT-3DE: Real-Time Three-Dimensional Echocardiography; 2D-STI: Two-Dimensional Speckle Tracking
Imaging; LA Vmax: Left Atrial Maximum Volume; LA Vmin: Left Atrial Minimum Volume; LAEF: Left Atrial Ejection
Fraction; LAEFa: Left Atrial Booster Pump Function Ejection Fraction; LAScd: Left Atrial Conduit Strain; LASct: Left
Atrial Contractile Strain; LASr: Left Atrial Reservoir Strain; 4ch: Apical Four-Chamber View; 2ch: Apical Two-Chamber
View; SAX: Short-Axis View; GS: Global Strain; HR: Heart Rate (bpm); FR: Frame Rate (fps).

weeks post-chemotherapy (both P < 0.05) -
indicating dynamic compensatory adjustment
of LA total function in the non-cardiotoxic group.
Although LAEFt in the cardiotoxic group showed
a tendency to increase at 3 weeks post-chemo-
therapy, this change was not statistically signi-
ficant (P > 0.05), implying that cardiotoxicity
may interfere with the normal compensatory
progression of LA total function during chemo-
therapy.

Changes in LVEF were primarily affected by the
interaction between chemotherapy time and
cardiotoxicity status (P < 0.05), while neither
the independent main effect of time nor that
of group reached statistical significance (both P
> 0.05). Notably, the time-group interaction eff-
ect was statistically significant (P < 0.05). With
pre-chemotherapy as the reference, the dynam-
ic change patterns of LVEF during chemothera-

4297

py differed between the non-cardiotoxic and
cardiotoxic groups. At 3 weeks post-chemother-
apy, no significant change in LVEF was observed
in the non-cardiotoxic group (P > 0.05, Table 3).

After 6 cycles of chemotherapy, the functional
differences between the two groups further
widened (Figure 5). On RT-3DE (Figure 5A, 5B):
LAEFa and LAEFt in the non-cardiotoxic group
remained stable; the cardiotoxic group showed
more pronounced left atrial volume dilation,
and both LAEFa and LAEFt were significantly
decreased, indicating the loss of left atrial com-
pensatory capacity and global functional de-
compensation. On 2D-STI (Figure 5C, 5D): Left
atrial strain indices in the non-cardiotoxic group
remained normal; both LASr and LASct in the
cardiotoxic group were significantly abnormal,
with strain curves showing damage-related
characteristics (a gentle upward trend during
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Table 3. GEE analysis of RT-3DE parameters

Lower  Upper Lower Limit -
Parameter B S.E Limitof Limitof Chi_vi Zfare Exp(B)  of 95% Cl ggc‘;opglr ;rg(tpc(’fB)
95% Cl 95% ClI of Exp(B)
LAEFa Before chemotherapy was used as reference group.
Post-6 Cycles -0.938 1.701 -4.272 2.396 0.304 0.581 0.391 0.014 10.978
Post-3 Cycles -1.358 1.602 -4.497 1.782 0.718 0.397 0.257 0.011 5.941
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity 4112 2130 -8.286  0.063 3.727 0.054 0.016 0.000 1.065
Post-6 Cycles * Cardiotoxicity * Gender -10.348 2.092 -14.449 -6.248 24.47 0 3.20E-05 5.31E-07 0.002
Post-6 Cycles * Non-Cardiotoxicity * Gender -3.173 2.651 -8.369 2.024 1.432 0.231 0.042 0.000 7567
Post-3 Cycles * Cardiotoxicity * Gender 3.269 10.499 -17.308 23.846 0.097 0.755 26.297 3.04E-08 22718965208
Post-3 Cycles * Non-Cardiotoxicity * Gender -4.796 2.181 -9.07 -0.521 4.836 0.028 0.008 0.000 0.594
Before chemotherapy * Cardiotoxicity * Gender -4.355 2.857 -9.955 1.246 2.322 0.128 0.013 4.75E-05 3.476
Before chemotherapy * Non-Cardiotoxicity * Gender -6.733 2.041 -10.733 -2.732 10.882 0.001 0.001 2.18E-05 0.065
LAEFp Before chemotherapy was used as reference group.
Post-6 Cycles -14.375 2.392 -19.063 -9.687 36.112 0.000 5.72E-07 5.26E-09 6.21E-05
Post-3 Cycles 478 1551 -7.819 -1.741 9.502 0.002 0.008 0.000 0.175
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity 5700 3.418 -0.999 12.399 2.781 0.095 298.834 0.368 242523.971
Post-6 Cycles * Cardiotoxicity * Gender 5956 4.847 -3.543 15.455 1.51 0.219 386.007 0.029 5153385.621
Post-6 Cycles * Non-Cardiotoxicity * Gender 16.258 4.672 7101 25.415 12.11 0.001 11506891.43 1213.718 1.09093E+11
Post-3 Cycles * Cardiotoxicity * Gender -1.062 1.792 -4.574 2.45 0.351 0.553 0.346 0.010 11.589
Post-3 Cycles * Non-Cardiotoxicity * Gender 11.7 3.414  5.009 18.39 11.747 0.001 120521.599 149.769 96985977.14
Before chemotherapy * Cardiotoxicity * Gender 7968 3.484 1.14 14.796 5.232 0.022 2887.962 3.128 2666258.981
Before chemotherapy * Non-Cardiotoxicity * Gender 10.501 2.751 5.11 15.893 14.574 0 36365.674 165.647 7983636.224
LAEFt Before chemotherapy was used as reference group.
Post-6 Cycles -15.313 2.160 -19.546 -11.08 50.268 0 2.24E-07 3.25E-09 1.54E-05
Post-3 Cycles -6.138 2.030 -10.117 -2.158 9.139 0.003 0.002 4.04E-05 0.116
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity 1588 2386 -3.089 6.265 0.443 0.506 4.895 0.046 525.762
Post-6 Cycles * Cardiotoxicity * Gender -4.393 3475 -11.204 2.419 1.597 0.206 0.012 1.36E-05 11.236
Post-6 Cycles * Non-Cardiotoxicity * Gender 13.086 3.435 6.354 19.818 14.514 0 482120.304 574.638 404497918.4
Post-3 Cycles * Cardiotoxicity * Gender 2.208 11.157 -19.659 24.074 0.039 0.843 9.093 2.90E-09 28520092394
Post-3 Cycles * Non-Cardiotoxicity * Gender 6.904 3165 0.701  13.107 4.759 0.029 996.111 2.016 492293.02
Before chemotherapy * Cardiotoxicity * Gender 3.614 1.678 0.326 6.902 4.64 0.031 37.106 1.385 994.246
Before chemotherapy * Non-Cardiotoxicity * Gender  3.769  1.423 0.98 6.557 7.017 0.008 43.322 2.665 704.235
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Before chemotherapy was used as reference group.

Post-6 Cycles -1.132
Post-3 Cycles -1.456
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity -1.052
Post-6 Cycles * Cardiotoxicity * Gender 1.172
Post-6 Cycles * Non-Cardiotoxicity * Gender -0.606
Post-3 Cycles * Cardiotoxicity * Gender -5.005
Post-3 Cycles * Non-Cardiotoxicity * Gender 1.418
Before chemotherapy * Cardiotoxicity * Gender -1.961

Before chemotherapy * Non-Cardiotoxicity * Gender -0.238

0.430
0.663

1.037
1.278
0.883
1.034
0.909
1.717
0.715

-1.976
-2.755

-3.086
-1.332
-2.336
-7.032
-0.364
-5.327
-1.638

-0.289
-0.157

0.981
3.676
1.124
-2.978
3.2
1.405
1.162

6.928
4.826

1.029
0.841
0.471
23.417
2.431
1.304
0.111

0.008 0.322 0.139 0.749
0.028 0.233 0.064 0.855
0.31 0.349 0.046 2.667
0.359 3.227 0.264 39.47
0.493 0.546 0.097 3.078
0 0.007 0.001 0.051
0.119 4.128 0.695 24.534
0.254 0.141 0.005 4.076
0.739 0.788 0.194 3.197

Note: GEE: Generalized Estimating Equations; RT-3DE: Real-Time Three-Dimensional Echocardiography; LAEFa: Left Atrial Booster Pump Function Ejection Fraction; LAEFp: Left Atrial Conduit Function Ejection
Fraction; LAEFt: Left Atrial Total Function Ejection Fraction; LVEF: Left Ventricular Ejection Fraction; B: Regression Coefficient; S.E.: Standard Error; Cl: Confidence Interval; Wald Chi-square: Wald; Exp(B): Odds

Ratio.
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Figure 5. Representative images of RT-3DE and 2D-STI at 6 weeks after chemotherapy. A: Left atrial three-dimen-
sional volume curve in Non-cardiotoxicity group. B: Left atrial three-dimensional volume curve in Cardiotoxicity
group. C: Left ventricular strain curve in Non-cardiotoxicity group. D: Left ventricular strain curve in Cardiotoxicity
group. Note: RT-3DE: Real-Time Three-Dimensional Echocardiography; 2D-STI: Two-Dimensional Speckle Tracking
Imaging; LA Vmax: Left Atrial Maximum Volume; LA Vmin: Left Atrial Minimum Volume; LAEF: Left Atrial Ejection Frac-
tion; LAEFa: Left Atrial Booster Pump Function Ejection Fraction; LAEFt: Left Atrial Total Function Ejection Fraction;
LAScd: Left Atrial Conduit Strain; LASct: Left Atrial Contractile Strain; LASr: Left Atrial Reservoir Strain; 4ch: Apical
Four-Chamber View; 2ch: Apical Two-Chamber View; SAX: Short-Axis View; GS: Global Strain; HR: Heart Rate (bpm);

FR: Frame Rate (fps).

the reservoir phase and a shallow downward
trend during the contraction phase). Meanwhile,
LVEF in the cardiotoxic group only decreased
significantly after 6 cycles, whereas abnormali-
ties in left atrial strain indices emerged earlier
- confirming the advantage of 2D-STI in the
early detection of cardiotoxicity.

For LASr: The main effect of chemotherapy
time was statistically significant (P < 0.05), indi-
cating that LASr underwent a significant overall
change throughout the chemotherapy course.
The main effect of the cardiotoxicity group was
not statistically significant (P > 0.05), while the
time-group interaction effect was statistically
significant (P < 0.05) - demonstrating that the
change pattern of LASr varied by cardiotoxicity
status. With pre-chemotherapy as the refer-
ence, the non-cardiotoxic group showed a ten-
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dency toward compensatory changes at 3
weeks post-chemotherapy. In contrast, the car-
diotoxic group exhibited a significantly faster
rate of LASr decline than the non-cardiotoxic
group starting from 3 weeks post-chemothera-
py; as chemotherapy progressed to 6 weeks,
the numerical difference in LASr between the
two groups further widened - suggesting that
the cardiotoxic group experienced early abnor-
mal impairment of left atrial reservoir function.

For LASct: The main effect of chemotherapy
time was statistically significant (P < 0.05), indi-
cating that LASct underwent an overall change
over the course of chemotherapy. The main
effect of the cardiotoxicity group was also sta-
tistically significant (P < 0.05), meaning there
were differences in the baseline level or overall
trend of LASct between the cardiotoxic and

Am J Cancer Res 2025;15(10):4291-4307
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non-cardiotoxic groups. At 3 weeks post-che-
motherapy, LASct in the non-cardiotoxic group
increased significantly - reflecting compensato-
ry enhancement of global left atrial systolic
function. In contrast, LASct in the cardiotoxic
group decreased significantly at 3 weeks post-
chemotherapy, suggesting early impairment
of global left atrial systolic function in this
group. By 6 weeks post-chemotherapy, LASct
remained at a relatively high level in the non-
cardiotoxic group, while it continued to decline
in the cardiotoxic group - resulting in a statisti-
cally significant intergroup difference (P <
0.05).

For LAScd: Chemotherapy time, cardiotoxicity
group, and their interaction all had significant
effects on LAScd. With pre-chemotherapy as
the reference, LAScd showed a significant over-
all change at 3 weeks post-chemotherapy. At
the interaction effect level, the non-cardioto-
xic group exhibited a significant difference in
LAScd compared with the baseline at 6 weeks
post-chemotherapy (P < 0.05) - reflecting the
characteristic change of left atrial systolic func-
tion in the non-cardiotoxic group during chemo-
therapy. In contrast, the cardiotoxic group dis-
played a significantly different LAScd change
pattern from the non-cardiotoxic group at 3
weeks post-chemotherapy (P < 0.05). This find-
ing suggested that the cardiotoxic group experi-
enced early abnormal impairment of left atrial
systolic function as early as 3 weeks post-che-
motherapy, with a change trajectory distinct
from that of the non-cardiotoxic group (Table
4).

Discussion

Lymphoma, a common hematological malig-
nancy, is frequently associated with the risk
of cardiotoxicity during treatment, particularly
when anthracycline drugs are used [15]. Acute
cardiotoxicity typically manifests early in the
treatment course, characterized by transient
pericarditis, prolonged QT intervals, and acute
arrhythmias, which generally resolve within two
weeks after treatment initiation [16, 17]. In
contrast, chronic cardiotoxicity may emerge
during or after treatment, occasionally present-
ing as late as one year or more post-therapy. It
is primarily characterized by irreversible cardiac
dysfunction that can progress to heart failure
[18, 19]. Long-term cardiac toxicity may contrib-
ute to mortality in approximately one-third of
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affected patients, with some developing severe
heart failure in advanced stages, potentially
leading to life-threatening sequelae [6, 14, 20].
Given the insidious onset and subtle initial
manifestations of chronic cardiotoxicity, pre-
cise detection of chemotherapy-induced cardi-
ac dysfunction before the development of overt
heart failure is crucial. Current guidelines ad-
vocate for vigilant monitoring of left ventricular
function before, during, and after chemother-
apy to identify cardiotoxicity associated with
antineoplastic therapy [21]. This study used
2D-STI and RT-3DE to assess early cardiotoxic-
ity in anthracycline-treated lymphoma patients,
focusing on left atrial indices to address gaps
in traditional LVEF-centered monitoring.

The cardiotoxic group had a significantly higher
proportion of male patients (89.5% vs 56% in
the non-cardiotoxic group, P = 0.006), consis-
tent with literature identifying male gender as a
major risk factor for anthracycline-induced car-
diotoxicity [22, 23]. Estrogens, abundant in fe-
male patients, mitigate anthracycline-induced
oxidative stress by upregulating antioxidant
enzymes such as superoxide dismutase and
inhibit myocardial cell apoptosis via suppres-
sion of pro-apoptotic pathways, including cas-
pase-3 activation. In contrast, male patients
lack this hormonal protection, leading to in-
creased accumulation of reactive oxygen spe-
cies and greater myocyte damage [24]. A cohort
study of 1,165 adolescent and young adult can-
cer survivors further confirmed this trend, re-
porting a 34% higher cumulative risk of cardio-
vascular toxicity in males compared to females
after anthracycline treatment [25]. Notably, age
modifies this gender effect: postmenopausal
women exhibit cardiovascular disease risk si-
milar to that of age-matched males, which may
narrow the gap in susceptibility to anthracyc-
line cardiotoxicity between elderly men and
women [23]. The absence of an age-related
association with cardiotoxicity in this study is
likely attributable to the relatively concentrated
age distribution of the study population, which
lacked sufficient variability to detect age-relat-
ed differences in toxicity risk.

Hypertension prevalence differed significantly
between the two groups, with 0% of patients in
the cardiotoxic group and 19.8% in the non-
cardiotoxic group having hypertension (P =
0.034). This difference may be explained by the
cardioprotective role of renin-angiotensin-aldo-
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Table 4. GEE analysis of 2D-STI parameters

Lower  Upper Wald Lower Limit  Upper Limit
Parameter B S.E. Limit of Limit of Chi-square Exp(B) 0of 95% Cl of of 95% CI of
95% Cl  95% CI Exp(B) Exp(B)
LASr Before chemotherapy was used as reference group.
Post-6 Cycles -3.015 0.666 -4.32 -1.709 20.49 0 0.049 0.013 0.181
Post-3 Cycles 0.824 0.425 -0.009 1.656 3.761 0.052  2.279 0.991 5.238
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity -0.235 1.471 -2.53 2.059 0.04 0.841  0.790 0.080 7.842
Post-6 Cycles * Cardiotoxicity * Gender -4.147 1.789 -7.653 -0.641 5.374 0.02 0.016 0.000 0.527
Post-6 Cycles * Non-Cardiotoxicity * Gender 0.843 0.972 -1.062 2.747 0.752 0.386 2.323 0.346 15.593
Post-3 Cycles * Cardiotoxicity * Gender -3.985 4379 -12.567 4.596 0.828 0.363  0.019 3.49E-06 99.12
Post-3 Cycles * Non-Cardiotoxicity * Gender 0.704 0.882 -1.024 2.433 0.638 0.424 2.023 0.359 11.388
Before chemotherapy * Cardiotoxicity * Gender -5.162 5.074 -15.106  4.782 1.035 0.309 0.006 2.75E-07 119.357
Before chemotherapy * Non-Cardiotoxicity * Gender -0.572 1.001 -2.533 1.389 0.327 0.568 0.564 0.079 4.012
LASct Before chemotherapy was used as reference group.
Post-6 Cycles 1.397 0.510 0.399 2.395 7.532 0.006  4.043 1.491 10.966
Post-3 Cycles 0.294 0.425 -0.539 1.128 0.478 0.489 1.342 0.583 3.088
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity 3.654 0.354 2.959 4.348 106.306 0.000 38.613 19.28 77.333
Post-6 Cycles * Cardiotoxicity * Gender 3.098 0.461 2.195 4.001 45.239 0.000 22.154 8.982 54.642
Post-6 Cycles * Non-Cardiotoxicity * Gender -1.073 0.689 -2.423 0.276 2.43 0.119 0.342 0.089 1.318
Post-3 Cycles * Cardiotoxicity * Gender -0.299 0.214 -0.718 0.12 1.96 0.161 0.742 0.488 1.127
Post-3 Cycles * Non-Cardiotoxicity * Gender -0.42 0.529 -1.458 0.617 0.631 0.427  0.657 0.233 1.853
Before chemotherapy * Cardiotoxicity * Gender -2.005 0.310 -2.613 -1.397 41.757 0.000 0.135 0.073 0.247
Before chemotherapy * Non-Cardiotoxicity * Gender 0.999 0.515 -0.011 2.009 3.755 0.053 2.715 0.989 7.455
LAScd Before chemotherapy was used as reference group.
Post-6 Cycles 2.074 0.306 1.474 2.673 45.954 0.000  7.953 4.367 14.484
Post-3 Cycles 1.044 0.452 0.159 1.929 5.346 0.021 2.841 1.172 6.884
Non-Cardiotoxicity was used as reference group.
Cardiotoxicity 0.797  0.9457 -1.056 2.651 0.711 0.399 2.22 0.348 14.166
Post-6 Cycles * Cardiotoxicity * Gender -3.201 0.916 -4996  -1.406 12.219 0 0.041 0.007 0.245
Post-6 Cycles * Non-Cardiotoxicity * Gender -1.079 0.807 -2.661 0.504 1.785 0.182 0.34 0.07 1.655
Post-3 Cycles * Cardiotoxicity * Gender -4.172 1.979 -8.049  -0.294 4.445 0.035 0.015 0.000 0.745
Post-3 Cycles * Non-Cardiotoxicity * Gender -1.449 0.752 -2.922 0.024 3.717 0.054  0.235 0.054 1.024
Before chemotherapy * Cardiotoxicity * Gender -4.627 0.854 -6.301  -2.954 29.378 0.000 0.01 0.002 0.052
Before chemotherapy * Non-Cardiotoxicity * Gender 0.145 0.752 -1.329 1.619 0.037 0.847 1.156 0.265 5.048

Note: GEE: Generalized Estimating Equations; 2D-STI: Two-Dimensional Speckle Tracking Imaging; LASr: Left Atrial Reservoir Strain; LASct: Left Atrial Contractile Strain; LAScd: Left Atrial Conduit Strain. B:
Regression Coefficient; S.E.: Standard Error; Cl: Confidence Interval; Wald Chi-square: Wald; Exp(B): Odds Ratio.
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sterone system (RAAS) inhibitors, commonly
prescribed for hypertension. RAAS inhibitors
reduce anthracycline-induced myocardial fibro-
sis by inhibiting TGF-B/Smad signaling and
attenuate oxidative stress via suppression of
NADPH oxidase [26, 27]. Moey et al. [26] vali-
dated this cardioprotective effect in a study of
breast cancer patients, reporting a 42% reduc-
tion in cardiotoxicity among those using RAAS
inhibitors during trastuzumab treatment. Prior
studies have shown that hypertensive patients
exhibit LA strain and functional abnormalities -
including higher LAVImax and lower LASr - that
reflect early compensatory adaptation to hemo-
dynamic stress [26, 28]. However, long-term
hemodynamic load and chronic RAAS activa-
tion can still lead to myocardial fibrosis, which
may exacerbate chemotherapy-induced cardio-
toxicity [29, 30]. This dynamic was not fully cap-
tured in the short-term follow-up of this study.
The lack of data on antihypertensive medi-
cation use limits direct confirmation of RAAS
inhibitors’ role in mitigating cardiotoxicity, but
the significant difference in hypertension prev-
alence highlights the need to distinguish hy-
pertension from its treatment in future risk
stratification.

Diabetes prevalence showed no significant
inter-group difference, with 28.6% of patients
in the non-cardiotoxic group and 10.5% in the
cardiotoxic group having diabetes. This finding
contrasts with prior research linking diabetes
to reduced LA reserve function - characterized
by lower LASr, LAEFt, and LAEFp - via mecha-
nisms such as microvascular disease, insulin
resistance, lipid disorders, and myocardial en-
ergy deficiency [31-37]. Two factors may explain
this discrepancy: first, the small sample size of
the cardiotoxic group reduces statistical power
to detect weak associations; second, unmea-
sured variability in glycemic control may have
muted the signals. Salgado et al. [38] demon-
strated that optimal glycemic control (HbA1c <
7%) reduces cardiotoxicity risk by 35%, and sig-
nificant variation in diabetes management may
have obscured potential associations in the
current cohort.

The selection of cardiac function assessments
at 3 and 6 cycles post-chemotherapy was guid-
ed by the well-documented cumulative dose-
dependent toxicity of anthracyclines. Clinical
evidence indicates that anthracycline-associat-
ed heart failure typically occurs at cumulative
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doses between 400 and 550 mg/m?; at 550
mg/m?, the incidence of heart failure rises to
7-26%, and at 700 mg/m?, this rate increases
to 48% [39-41]. A key finding of this study is
that LA indices - including LAEFa (booster pump
function), LAEFt (total function), and LASct (con-
tractile strain) - exhibit dynamic, group-specific
changes earlier than LVEF, highlighting the LA's
role as a sensitive “hemodynamic buffer” for
early myocardial injury.

At 3 cycles post-chemotherapy, LAEFa was sig-
nificantly elevated in the cardiotoxic group rela-
tive to the non-cardiotoxic group. This elevation
is interpreted as a compensatory response
whereby the LA enhances its active contraction
to offset subtle LV diastolic dysfunction that
remains undetectable by LVEF. By 6 cycles,
however, LAEFa and LAEFt declined sharply in
the cardiotoxic group, signaling that atrial myo-
cyte damage has exceeded the LA’'s adaptive
reserve capacity [25, 26]. This trajectory - initial
compensatory increase followed by maladap-
tive decrease - aligns with the biological mech-
anism of anthracycline toxicity: early myocardi-
al stress triggers LA functional compensation,
but prolonged exposure depletes this reserve,
leading to irreversible myocyte damage [42-
44]. GEE analysis confirmed that LAEFt exhibit-
ed this biphasic pattern, with abnormal chang-
es detectable at 3 cycles - weeks earlier than
the first significant decline in LVEF. LVEF, by
contrast, showed a significant inter-group dif-
ference only at 6 cycles, reinforcing its inherent
limitation as a delayed marker of overt LV dys-
function rather than subclinical injury.

The utility of 2D-STI-derived LASct as an early
marker of cardiotoxicity was further validated
by the study’s results. LASct was significantly
reduced in the cardiotoxic group as early as 3
cycles post-chemotherapy and remained sig-
nificantly lower at 6 cycles. This observation
aligns with findings from prior studies in bre-
ast cancer, where Mokadem et al. [45] and
Emerson et al. [46] demonstrated that LA strain
parameters detect anthracycline-induced myo-
cardial injury earlier than LVEF. The current
study extends this observation to lymphoma
patients, with early reduction in LASct reflect-
ing direct damage to LA myocytes driven by
anthracycline-mediated disruption of mitochon-
drial oxidative phosphorylation and myofibrillar
structure [40] - pathways that precede overt LV
dysfunction.
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This study is among the first to validate the
combined use of RT-3DE and 2D-STI for quanti-
tative monitoring of early anthracycline-induced
cardiotoxicity in lymphoma patients. This app-
roach addresses a critical gap in the literature,
as most prior research on these advanced
echocardiographic technologies has focused
on breast cancer [47-50]. The two modalities
offer complementary strengths that enhance
early detection of cardiotoxicity.

RT-3DE reduces measurement error in LA vol-
ume quantification compared to conventional
2D echocardiography [51, 52], making it ideal
for capturing subtle early LA remodeling during
chemotherapy. By directly quantifying LA func-
tional indices (LAEFa, LAEFp, LAEFt), RT-3DE
enables precise assessment of compensatory
reserve and early decompensation - key fea-
tures that distinguish the cardiotoxic and non-
cardiotoxic groups at 3 cycles.

2D-STlimproves the sensitivity of strain assess-
ment to microstructural myocardial damage
[51, 53, 54], allowing the detection of LASct
abnormalities at 3 cycles when LVEF remains
normal. Its ability to quantify myocardial fiber
deformation at the subclinical stage aligns with
the study’s goal of early cardiotoxicity dete-
ction.

Together, these technologies provide a compre-
hensive assessment of early cardiac dysfunc-
tion: RT-3DE quantifies LA functional reserve,
while 2D-STI measures strain parameters that
signal subclinical myocyte injury [53, 54]. This
combination outperforms traditional LVEF-
centered monitoring, as demonstrated by the
finding that LA indices detect cardiotoxicity-
related changes weeks earlier than LVEF.

This study has several limitations that should
be considered. First, the population was res-
tricted to patients with a baseline LVEF > 50%,
excluding those with pre-existing cardiac dys-
function. While this criterion ensured homoge-
neity, it limits the generalizability of the results
to real-world patients with underlying heart dis-
ease. Future studies could include patients
with a baseline LVEF of 45-50%, which repre-
sents a “gray zone” of subclinical dysfunction,
to assess the utility of RT-3DE/2D-STl in higher-
risk populations. Additionally, the cardiotoxic
group was small, comprising only 19 patients,
which reduces statistical power and limits the
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ability to validate associations between hyper-
tension, diabetes, and cardiotoxicity. This also
restricted subgroup analyses, such as those
based on lymphoma subtype or anthracycline
cumulative dose. The study also lacked long-
term follow-up data, which is critical for linking
early changes in LA functional and strain indi-
ces to long-term clinical endpoints like heart
failure hospitalization or mortality. An impor-
tant unanswered question is whether abnor-
malities in LAEFa or LASct predict the risk of
cardiac events 1-5 years post-chemotherapy,
which could be addressed in future studies wi-
th extended follow-up. Furthermore, the study
did not collect data on anthracycline cumula-
tive dose, RAAS inhibitor use, or glycemic con-
trol (HbA1c levels), leaving potential confound-
ers unaccounted for. Finally, the absence of a
control group of lymphoma patients who re-
ceived non-anthracycline chemotherapy limits
the ability to distinguish anthracycline-speci-
fic toxicity from general chemotherapy-related
stress on cardiac function.

In conclusion, this study demonstrates that
RT-3DE and 2D-STI are superior to traditional
LVEF in the early detection of anthracycline-
induced cardiotoxicity in lymphoma patients.
These advanced imaging techniques can cap-
ture subtle, early changes in LA function and
strain that precede overt LVEF abnormalities.
LA functional indices (e.g., LAEFa) and LA strain
parameters (e.g., LASct) emerge as key mark-
ers of early subclinical injury. Baseline clinical
characteristics identify gender and hyperten-
sion as important correlates of cardiotoxicity
risk, with male patients and those without hy-
pertension exhibiting higher vulnerability. GEE
analysis confirms that dynamic cardiac func-
tion trajectories differ significantly between the
cardiotoxic and non-cardiotoxic groups, with
the former showing early functional impairment
progressing to decompensation. These findings
validate the clinical utility of RT-3DE and 2D-
STI in optimizing cardio-oncology monitoring
for lymphoma patients receiving anthracycline-
based chemotherapy.
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