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Abstract
Background  Anthracyclines are essential in early breast cancer chemotherapy but pose long-term cardiotoxicity 
risks.

Objectives  This study aims to investigate the long-term incidence of cancer therapy-related cardiac dysfunction 
(CTRCD), bridging with the miRNAs profiler representing acute cardiac injury.

Methods  We conducted a prospective cohort including stage I-III breast cancer patients who received anthracycline 
between 2007 and 2012. Echocardiography was performed before and 12 weeks after anthracycline administration. 
The miRNAs profiler was conducted by NanoString and RT-PCR. Long-term cardiac magnetic resonance imaging 
(CMR) was evaluated in 24.2% of asymptomatic participants.

Results  At a median follow-up of 11 [IQR 6–12] years, 194 patients who completed follow-up echocardiography after 
anthracycline were included in the analysis. The median age at diagnosis was 50 [26–72] years. An early LVEF decline 
of ≥ 10% was found in 32.9% of participants. The cumulative equivalent dose of doxorubicin was 223.2 ± 21.6 mg/
m2. At the time of censoring, sixty-four participants (32.9%) died, 70% from breast cancer. Nine participants (4.6%) 
reported cardiovascular events compatible with the CTRCD definition. Forty-seven participants (24.2%) underwent 
long-term cardiac evaluation. The miRNAs profiler and RT-PCR at different time points, 3 weeks and 6 weeks, 
respectively, revealed significantly diverse expressions of miR-1-3p and miR-16-5p in participants with and without 
an early LVEF decline of ≥ 10%. Despite cardiac injury demonstrated by dynamic miR-1-3p and miR-16-5p, CMR 
parameters revealed no significant differences.
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Introduction
Doxorubicin chemotherapy, approved by the US FDA 
since 1974, is essential for treating various cancers. How-
ever, there is a significant concern about long-term car-
diac problems, particularly in survivors of early-stage 
breast cancer, who are at risk of anthracycline-induced 
cardiotoxicity (AIC). Previously, AIC was diagnosed 
when participants developed symptomatic cardiac dys-
function or significant decline in left ventricular ejection 
fraction (LVEF) using echocardiogram evaluation, and 
the definition has varied over time. Currently, the term 
“cancer therapy-related cardiac dysfunction” (CTRCD), 
as defined by the 2022 International Cardio-Oncology 
Society (IC-OS), is used for evaluating cardiotoxicity, and 
cardiac magnetic resonance imaging (CMR) has been 
established as a preferred method for assessing cardiac 
function [1, 2]. Despite dosage restrictions, early AIC in 
breast cancer patients has been reported in 3–5% of cases 
during short-term follow-up [3, 4]. While most cases are 
asymptomatic cardiomyopathy, information on long-
term cardiac issues according to an updated definition 
of cardiotoxicity and long-term CMR findings has been 
limited.

Given the previous clinical benefits and limitations 
of anthracycline, exploring predictive biomarkers for 
early detection of AIC is crucial to optimize patient out-
comes. Previously, noninvasive circulating biomarkers 
such as cardiac-specific isoenzymes troponins (cTn) and 
N-terminal brain natriuretic peptides (NT-proBNP) were 
reported to be associated with cardiac dysfunction during 
chemotherapy in breast cancer participants [5]. However, 
some data gave conflicting results, confounding factors 
from physiological changes, and a relatively short half-
life in some markers have yet to be determined [6–8]. 
Recent data suggest that innovative circulating biomarker 
microRNAs (miRNAs) have a potential role as a predic-
tive biomarker for AIC [9–11]. The miRNAs are involved 
in multiple gene regulation and were released into the 
circulation even in an early phase of cellular injury. Inte-
grating miRNAs profiler will confirm the early cellular 
phase of cardiac injury after anthracycline treatment. 
This study aims to assess long-term cardiac complica-
tions (CTRCD) in breast cancer survivors treated with 
anthracyclines, with or without early AIC, and to bridge 
the results with a comprehensive miRNAs analysis. Part 
of this study was presented at the 2023 European Society 
for Medical Oncology (ESMO) congress (Abstract 259P).

Materials and methods
Study participants
The prospective cohort enrolled 227 of stage I-III breast 
cancer participants who received neoadjuvant or adju-
vant anthracycline combination treatment regimen 
between January 2007 and December 2012 at the Divi-
sion of Medical Oncology, King Chulalongkorn Memo-
rial Hospital, Bangkok, Thailand (Fig. 1). All participants 
had pathology proof of breast cancer and received at least 
one cycle of anthracycline. Demographic characteris-
tics, co-morbid disease, and all breast cancer treatments 
provided were obtained from the electronic medical 
database. The participant’s death date was validated by 
The Bureau of Registration Administration, Ministry 
of Interior, Bangkok, Thailand. The baseline cardiovas-
cular toxicity risk was evaluated using the Heart Fail-
ure Association of the European Society of Cardiology 
Cardio-Oncology Study Group in collaboration with the 
International Cardio-Oncology Society (HFA-ICOS) 
Cardio-Oncology cardiovascular risk assessment tool 
[12]. The long-term follow-up was conducted as our 
institute’s standard practice. Participants who exhibited 
any signs or symptoms of cardiac problems were referred 
to the cardiologist for further evaluation. The study was 
approved by the Ethics Committee of the Faculty of Med-
icine, Chulalongkorn University, Bangkok, Thailand (IRB. 
998/64). Written informed consent was obtained from all 
participants (See Fig. 2).

Cardiac functional assessment
Echocardiography
Complete paired echocardiography was performed at 
baseline before anthracycline combination regimen 
treatment and 12 weeks after in 194 participants. Two-
dimensional (2D) echocardiography was performed 
by a cardiologist who was blinded to biomarker assess-
ment using Aloka proSound SSD–5500 SV (Hitachi 
Aloka, Tokyo, Japan). The left ventricular end-diastolic 
dimension (LVEDD) and the left ventricular end-systolic 
dimension (LVESD) were measured in the parasternal 
long-axis view by the manual edge detection method 
in 2D-guided M-mode. LVEF was measured using Tei-
choltz’s method. Fractional shortening (FS) was calcu-
lated as (LVEDD-LVESD)/LVEDD×100. Participants 
with a post-anthracycline (12 weeks after) LVEF decline 
of ≥ 10% from baseline were defined as an early AIC case 
based on pre-2012 research and expert consensus of the 

Conclusions  Our study demonstrates a very low incidence of long-term symptomatic CTRCD. The diverse expression 
patterns of miR-16-5p and miR-1-3p at different time points also provide valuable biological insights. Within-normal 
results of an exact and comprehensive CMR, in asymptomatic and any LVEF change participants, indicate the long-
term safety of limited-dose anthracycline-containing use.
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Fig. 2  Individual correlation between baseline, end-anthracycline, and long-term CMR LVEF between 16 cases and 31 controls (A). Cardiac magnetic 
resonance imaging with delayed gadolinium enhancement technique demonstrated two scar patterns. The basal short-axis (B) and 4-chamber view (C) 
showed mid-wall scar (red arrows) at basal inferoseptal and basal inferior segments of the LV. The middle short-axis (D) and 2-chamber view (E) revealed 
patchy scars (blue arrows) at mid-to-apical inferior segments of the LV. (LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle)

 

Fig. 1  Consort diagram for prospective cohort and long-term evaluation
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2014 American Society of Echocardiography and the 
European Association of Cardiovascular Imaging [13, 
14]. Those without LVEF decline beyond the threshold 
were defined as controls.

Cardiac magnetic resonance (CMR) imaging
Between January and June 2022, 47 participants (25%) 
with a pair baseline and 12 weeks of echocardiography 
since the start of the anthracycline treatment and who 
did not document long-term symptomatic CTRCD were 
invited to be evaluated for subclinical and access severity 
of late cardiac dysfunction based on 2022 ESC classifica-
tion by CMR. CMR was performed on a 1.5 Tesla system 
(Siemens Magnetom Sola) with phased array coil systems 
and analyzed using image analysis software (Circle Car-
diovascular Imaging Inc., Calgary, AB, Canada). All CMR 
measurements were evaluated by a cardiac radiologist 
and a cardiologist. Details on the CMR imaging protocol 
& analysis were provided in the supplementary materials.

Plasma MiRNAs NanoString and validation RT-PCR study
Whole blood samples were collected in an EDTA con-
tainer from all participants at baseline, 3 weeks, 6 weeks, 
and 9 weeks after the 1st cycle of anthracycline combi-
nation treatment. Blood samples were centrifuged at 
1600  g for 10  min to collect plasma and then stored at 
− 80  °C until further used. In the exploratory cohort, 
miRNAs expression was performed in pretreatment and 
3 weeks after the 1st cycle of anthracycline combination 
treatment in early AIC cases (n = 9) and control (n = 9), 
using nCounter Human v2 miRNA expression assay 
(NanoString Technologies, Inc., Seattle, WA, USA). The 
miRNAs extraction and NanoString profiler protocol 
were provided in supplementary materials. Significant 
miRNAs were selected and validated by RT-PCR in the 
validation cohort (n = 37) composed of early AIC cases 
(n = 17) and controls (n = 20) using TaqMan Advanced 
miRNA Assays. The details are provided in supplemen-
tary materials. All plasma samples were obtained from 
the Biobank facility of the Faculty of Medicine, Chul-
alongkorn University.

Raw data of the NanoString miRNAs was exported 
from nSolver™ analysis software version 3.0 to perform 
downstream analysis pipeline. Quality control using 
technical QC flags in R, which included imaging qual-
ity flag, blinding density flag, limit of detection flag, and 
linearity of positive controls flag. Data normalization was 
performed using R packages “DESeq2” and “RUVSeq”. 
The RUVSeq package demonstrated robust outperform 
compared to nSolver in removing differences across tech-
nical sources of variation [15]. Differential housekeeping 
gene expression was assessed, which was not correlated 
to the biological phenotype of interest. Upper quantile 
and housekeeping gene normalization were conducted. 

Relative log expression gene expression before and after 
normalization is shown in Figure S2. Differential gene 
expression analysis was conducted according to each phe-
notype. Differential gene expression using p-value < 0.01, 
FDR p-value < 0.1 was considered significant (Table S2).

Statistical analysis
The frequency of CTRCD was assessed by calculating the 
proportion of individuals who met the criteria outlined in 
the 2022 European Society of Cardiology (ESC) guideline. 
An exploratory analysis was carried out to investigate dif-
ferences in the characteristics of participants who under-
went CMR altogether with diverse CMR parameters, and 
the differential miRNA expression was conducted based 
on the early change of LVEF before and 12 weeks after 
anthracycline combination treatment. Categorical vari-
ables were compared using χ2 or Fisher’s exact test, while 
continuous variables were compared using t-tests or vari-
ance analysis. A significance threshold of p-value < 0.05 
was used to determine statistical significance.

Results
Cardiovascular outcome and cardiac assessment
As of October 31, 2023, a total of 227 participants with 
early-stage breast cancer were enrolled in this cohort with 
a median follow-up time of 11 [IQR 6–12] years. One 
hundred ninety-four participants who completed follow-
up echocardiography after anthracycline treatment were 
included in the final analysis. The median age of partici-
pants at the time of breast cancer diagnosis was 50 [IQR 
26–72] years, and the mean cumulative equivalent dose 
of doxorubicin was 223.2 ± 21.6 mg/m2. Sixty-four par-
ticipants (32.9%) died, 70% from breast cancer, while the 
remaining died from unknown causes. Nine participants 
(4.6%) reported cardiovascular events such as CTRCD 
during the follow-up period (Fig.  1). Sixty-four partici-
pants (32.9%) experienced a decline in LVEF ≥ 10%, while 
130 participants (67.1%) did not experience a decline in 
LVEF beyond this threshold. The baseline characteristics 
of participants are shown in Table 1. No significant differ-
ences were observed in the median age at breast cancer 
diagnosis, baseline cardiovascular risk according to HFA-
ICOS criteria, BMI, cumulative doxorubicin-equivalent 
dose, or receipt of left chest wall radiation. Subsequent 
anti-HER2 therapy was administered to 15.9% of partici-
pants. Those who experienced a decline in LVEF ≥ 10% 
(case group) were more likely to receive anti-HER2 ther-
apy (25%) compared to those who did not experience a 
decline in LVEF (control group) (13.8%) (Table 1). How-
ever, this difference was borderline statistically significant 
(p-value 0.07). Participants in the case group had a higher 
baseline LVEF than those in the control group. However, 
after the end of anthracycline therapy, participants in the 
case group exhibited a statistically significant decrease in 
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LVEF from baseline (-16.5 ± 5.7%) compared to the con-
trol group (+ 1.5 ± 9.4%).

Short-term report of symptomatic CTRCD (within 1 year) 
after the last dose of anthracycline
Out of 194 participants with complete pair echocar-
diography, there was a rare incidence of symptomatic 
CTRCD who met the 2022 IC-OS CTRCD ESC defini-
tion in an early phase of treatment. Only one in the case 
group developed symptomatic heart failure after the 
third cycle of anthracycline combination treatment. This 
patient had a pre-existing condition of morbid obesity 
(BMI 40 kg/m2) and a baseline LVEF of 64%. After stop-
ping anthracycline and receiving appropriate treatment 
for heart failure, her condition improved to NYHA class 
I-II. Adjuvant chemotherapy was continued with a taxane 
regimen. Follow-up echocardiography revealed an LVEF 
of 54% without any regional wall motion abnormality. No 
further cardiac events were reported.

Long-term report of symptomatic CTRCD after 
anthracycline therapy
We censored the date of follow-up participants on Octo-
ber 31, 2023, representing a median follow-up time of 
11 [IQR 6–12] years. Long-term CTRCD events were 
identified through the electronic medical database at 
The King Chulalongkorn Hospital. Symptomatic partici-
pants, as well as other LV dysfunctions, were investigated 

and managed, following our institute’s standard practice. 
Those included referral to a cardiologist to evaluate the 
cause of cardiomyopathy and starting cardioprotective 
agents to prevent further cardiac complications. Nine 
cases (4.6%) of CTRCD were observed. These included 
participants with a post-anthracycline LVEF decline of 
≥ 10% (n = 1) and participants without post-anthracycline 
LVEF decline (n = 8). Among those without post-anthra-
cycline LVEF decline, two participants experienced heart 
failure, and six had non-fatal arrhythmias. None of the 
symptomatic CTRCD die from cardiac events. Most 
events were reported more than eight years after com-
pleting anthracycline therapy. The details of all 9 CTRCD 
participants are provided in the supplementary material.

Long-term cardiac assessment in asymptomatic 
participants without prior CTRCD
The remaining asymptomatic participants, despite 
decline in LVEF ≥ 10%, were followed up as usual practice, 
the same as those without a decline in the LVEF. Accord-
ing to this, we could not define the severity of long-term 
CTRCD in all asymptomatic participants upon the 2022 
ESC classification. However, forty-seven asymptomatic 
CTRCD participants were invited for cardiac evaluation 
with physical examination, EKG, and CMR. The median 
time from baseline echocardiogram to CMR was 12 
years (IQR 11–12). All participants had normal findings 
of physical examinations and no cardiac arrhythmias by 

Table 1  Baseline characteristics of 194 stage I-III breast cancer participants treated with anthracyclines between 2007 and 2012. All 
participants with pair baseline and 12 weeks since start anthracycline LVEF evaluation by echocardiogram were divided into case (early 
LVEF decline > 10%) and control (no LVEF decline)
Parameters All participants

n = 194
Participants with pair baseline and 12 weeks since start 
anthracycline LVEF evaluation by echocardiogram
(n = 194)
LVEF decline ≥ 10%
(n = 64)

No LVEF decline
(n = 130)

p-
value

Median age at breast cancer diagnosis, [range] (years) 50 [26–72] 51 [26–70] 50 [30–72] 0.76
BMI (kg/m2) at diagnosis 24.6 ± 4.6 24.5 ± 4.3 24.6 ± 4.7 0.84
Hypertension, diabetes mellitus or dyslipidemia, n (%) 74 (38.1) 23 (35.9) 43 (33.1) 0.75
Baseline cardiovascular risk (HFA-ICOS), n (%)
  -Low risk
  -Moderate risk
  -High risk

60 (30.9)
59 (30.4)
75 (38.7)

17 (26.6)
21 (32.8)
26 (40.6)

43 (33.1)
38 (29.2)
49 (37.7)

0.64

History of smoking, n (%) 5 (2.6) 1 (1.6) 2 (1.5) 1.00
Menopause, n (%) 65 (33.5) 20 (31.3) 45 (34.6) 0.63
Cumulative doxorubicin-equivalent dose (mg/m2) 223.2 ± 21.6 223.7 ± 18 222.9 ± 23.2 0.81
Baseline LVEF (%) by echocardiogram 70.2 ± 7.1 74.3 ± 6.6 68.2 ± 6.5 < 0.01*
End-anthracycline LVEF by echocardiogram (%) 66.6 ± 6.8 61.9 ± 6.1 68.9 ± 5.9 < 0.01*
Change of baseline and end-anthracycline LVEF (%) -4.5 ± 11.9 -16.5 ± 5.7 1.5 ± 9.4 < 0.01*
Subsequent anti-HER2 therapy, n (%) 34 (17.5) 16 (25.0) 18 (13.8) 0.07
Left chest wall radiation, n (%) 68 (35.1) 25 (39.1) 43 (33.1) 0.52
Documented symptomatic CTRCD, n (%) 9 (4.6) 1 (1.6) 8 (6.2) 1.00
LVEF: left ventricular ejection fraction, CMR: cardiac magnetic resonance imaging, CTRCD: cancer therapy-related cardiac dysfunction, HER2; human epidermal 
growth factor receptor2, HFA-ICOS: The Heart Failure Association of the European Society of Cardiology Cardio-Oncology Study Group in collaboration with the 
International Cardio-Oncology Society, BMI: body mass index
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EKG. The characteristics of the participants for the long-
term CMR evaluation cohort are shown in Table 2. 34% 
of CMR participants had an end-anthracycline LVEF 
decline of ≥ 10%. Despite the dynamic change of end-
anthracycline LVEF, there were no significant differences 
in age at breast cancer diagnosis, baseline cardiovascular 
risk, BMI, cumulative doxorubicin-equivalent dose, left 
chest wall radiation, time from baseline echocardiogram 
to CMR, and age at CMR. However, those who experi-
enced a decline in LVEF ≥ 10% were more likely to receive 
anti-HER2 therapy (31.2%) compared to those who 
did not experience a decline in LVEF (12.9%) (Table  2), 

although this difference was not statistically significant 
(p-value 0.25).

Regarding CMR findings (Table 3), none of the partici-
pants who experienced decreased LVEF in CMR met the 
2022 IC-OS CTRCD criteria. There were no differences 
in CMR parameters, including LVEF, LVEDVI, LVESVI, 
LV mass index, LVEDV, LVESV, RVEF, T1 mapping, 
and strain between participants with end-anthracycline 
LVEF declined ≥ 10%, and those without LVEF declined. 
One participant (6.3%) with end-anthracycline LVEF 
decline ≥ 10% had an RV insertion scar, while five par-
ticipants (16.1%) without LVEF decline had cardiac scars: 
three RV insertion and two mid-wall scars.

Table 2  Patient characteristics in long-term CMR evaluation cohort (n = 47)
Characteristics All participants

(n = 47)
Participants with pair baseline and 12 weeks since start 
anthracycline LVEF evaluation by echocardiogram
(n = 47#)
LVEF decline ≥ 10%
(n = 16)

No LVEF decline
(n = 31)

p-
value

Median age at breast cancer diagnosis, (range) (y) 46 (26–64) 44 (31–53) 49 (26–64) 0.84
Baseline HFA-ICOS cardiovascular risk
  - Low (%)
  - Moderate (%)
  - High (%)

42 (89.4)
5 (10.6)
0

14
2
0

28
3
0

0.35

BMI (kg/m2) at diagnosis 24.0 ± 4.4 23.7 ± 4.1 24.2 ± 4.6 0.69
Cumulative doxorubicin-equivalent dose (mg/m2) 225.5 ± 11.3 226 ± 11.5 224 ± 11.3 0.55
Baseline LVEF by echocardiogram (%) 70.7 ± 6.7 75.2 ± 7.2 68.4 ± 5.2 < 0.01*
End-anthracycline LVEF by echocardiogram (%) 66.3 ± 6.2 62.7 ± 6.5 68.1 ± 5.3 < 0.01*
Subsequent anti-HER2 therapy, n (%) 9 (19.1) 5 (31.2) 4 (12.9) 0.25
Left chest wall radiation, n (%) 19 (40.4) 7 (43.8) 12 (38.7) 0.36
Duration from baseline echocardiogram to CMR, (range) (y) 12 (10–15) 12 (11–14) 12 (11–15) 0.12
Age at time of CMR, (range) (y) 59 (37–74) 56 (44–66) 61 (37–74) 0.29
LVEF: left ventricular ejection fraction, CMR: cardiac magnetic resonance imaging, CTRCD: cancer therapy-related cardiac dysfunction, HER2; human epidermal 
growth factor receptor2, HFA-ICOS: The Heart Failure Association of the European Society of Cardiology Cardio-Oncology Study Group in collaboration with the 
International Cardio-Oncology Society, BMI: body mass index

Table 3  CMR parameters and characteristics in long-term safety cohort
Long-term CMR parameters Normal limited of 

value [47, 48]
Total
(n = 47)

End-anthracycline 
LVEF decline ≥ 10%
(n = 16)

End-anthracycline no LVEF 
decline
(n = 31)

p-
val-
ue

LVEF by CMR (%) 64 ± 5.8 60.4 ± 5.2 60.3 ± 4.9 60.4 ± 5.3 0.87
Cardiac scar, n (%)
Pattern

N/A 6 (12.8) 1 (6.3)
RV insertion

5 (16.1)
RV insertion = 3, mid wall = 2

0.13

Native T1 (ms)
  -Basal segment
  -Mid segment
  -Apical segment

885–1059 905.9 ± 53.5
832.6 ± 69.2
777.1 ± 95.6

914.5 ± 56.2
837.2 ± 67.6
800.1 ± 105.4

901.4 ± 52.4
830.2 ± 71
764.8 ± 89.5

0.43
0.75
0.23

LV mass index (g/m2) 57.4 ± 10 41.3 ± 5.6 42.0 ± 4.8 40.9 ± 6.0 0.52
LVEDV (mL) 115 ± 28.5 112.7 ± 16.2 113.1 ± 17.2 112.5 ± 15.9 0.91
LVEDVI 68 ± 11.7 69.3 ± 9.0 70.1 ± 9.7 68.8 ± 8.8 0.65
LVESV (mL) 41.9 ± 14.3 45.1 ± 9.7 45.0 ± 9.4 45.2 ± 10.0 0.96
LVESVI 24.3 ± 6.5 27.8 ± 6.0 27.9 ± 5.4 27.7 ± 6.4 0.91
Global longitudinal strain (GLS) − 20.4 ± 3.5 -17.6 ± 2.5 -17.3 ± 3.2 -17.7 ± 2.0 0.67
RVEF by CMR (%) 57.5 ± 5.9 59.9 ± 5.0 59.4 ± 5.3 60.1 ± 4.9 0.75
CMR: cardiac magnetic resonance imaging, LVEF: left ventricular ejection fraction, LVEDV: left ventricular end-diastolic volume, LVEDVI: left ventricular end-diastolic 
volume index, LVESV: left ventricular end-diastolic volume, LVESVI: left ventricular end-diastolic volume index RVEF: right ventricular ejection fraction
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Plasma biomarker for the early detection of cardiotoxicity
MiRNA expression using targeted multiplex analysis panel
Thirty-six plasma samples from 18 participants (9 early 
AIC cases and 9 controls) at two timepoints (pre-treat-
ment and 3 weeks post 1st cycle of anthracycline) were 
explored miRNAs using NanoString technology to iden-
tify & confirm potential biomarkers for early cardiotox-
icity detection compared to previously published data. 
Differential miRNAs expression and principal compo-
nent analysis (PCA) based on anthracycline-induced 
cardiotoxicity according to the timepoint of specimen 
collection using DESeq2 [16] and adjusting for mul-
tiple testing with the Benjamini-Hochberg [17]. PCA 
was performed on the top 50 gene expression variances 
according to group and timepoint (Figure S1). In each 
comparison, the PCA score (PC1 and PC2) did not show 
much difference, ranging from 20 to 37%. The heatmap 
of the highest 35 gene expressions from the NanoString 
cohort and the dendrogram of an unsupervised approach 
hierarchical clustering are shown in Figure S2. However, 
the most significant differential miRNA expressions 
when comparing cases to controls at 3 weeks after the 
1st cycle of anthracycline were miR-16-5p, miR-20-5p, 
miR-25-3p, miR-486-3p, and miR-873-5p consistent 
with a previous report [18]. There are up-regulated in the 

range of 1.76–2.98, referred from log2 fold changes rang-
ing from 0.82 to 1.58 (p-value < 0.01, FDR p-value < 0.1) 
(Table S2, Fig. 3A). We speculated miR-1-3p, which had 
previously been reported to correlate with anthracycline-
induced cardiomyopathy [10, 19]. However, in our study, 
miR-1-3p was not significantly upregulated in the case 
group compared to the control group at 3 weeks after the 
first cycle of anthracycline combination therapy. The nor-
malized and raw data in the discovery cohort are shown 
in Table S3 and Table S4.

Plasma MiRNAs expression using RT-PCR
To validate biomarkers for early detection of cardiotox-
icity, the significant and biologic meaningful miR-16-5p 
was selected to perform validation in the validation 
cohort using RT-PCR. miR-16-5p was previously iden-
tified as a biomarker associated with cardiomyopathy 
[20] and anthracycline-related cardiotoxicity [11]. We 
also included miR-1-3p, which is not a significant gene 
expression of miRNAs profiler in the validation cohort. 
The optimal time point for exploring miRNA to detect 
anthracycline-induced cardiotoxicity varies from study 
to study. Based on findings from previous studies [11, 
21], we examined the validation cohort at different time 
points to the discovery cohort to enhance differential 

Fig. 3  Heatmap of significant five miRNAs expression and miR-1-3p by NanoString profiler in the discovery cohort (n = 18) at baseline and 3 weeks after 
anthracycline combination therapy (A). The validation cohort of selected miRNAs was conducted in 37 participants at baseline and 6 weeks after anthra-
cycline combination therapy. The miR-16-5p (B) revealed significantly down-regulated with a mean log2 fold change of -0.77 (p-value 0.02) in the case 
group compared to the control group. While miR-1-3p was significantly up-regulated in the case compared to the control group with a mean log2 fold 
change of 2.48 (p-value 0.001) (C)
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expressions. RT-PCR was performed using plasma at 
6 weeks after initiating the anthracycline combination 
treatment compared to baseline. The validation cohort 
was composed of 17 cases and 20 controls. miR-16-5p 
was significantly down-regulated with a mean log2 fold 
change of -0.77 (p-value 0.02) in the case group (6th 
week) compared to the control group (6th week). The 
diverse down-regulated miR-16-5p in the case group at 
the 6th week compared to the baseline was found, with 
a mean log2 fold change of -0.77 (p-value 0.02). While 
non-significant miR-1-3p expression in an exploratory 
cohort was significantly up-regulated in the case group at 
the 6th week compared to the baseline (mean log2 fold 
change 2.48, p-value 0.02, respectively) (Fig.  3B and C). 
Despite the possibility of technical issues, diverse pat-
terns of 2 miRNAs (miR-1-3p and miR-16-5p) expression 
in a time-dependent manner might represent dynamic 
changes of miRNAs correlated with biological meaning.

Discussion
This study investigates long-term cardiac complications, 
specifically cancer therapy-related cardiac dysfunc-
tion (CTRCD), in breast cancer survivors who received 
anthracycline combination treatment. Although earlier 
reports from before the 2000s indicated cardiotoxic-
ity rates from anthracycline use ranged from 10 to 60%, 
current meta-analyses and long-term follow-up stud-
ies showed a lower incidence of cardiotoxicity with 
limited doses of anthracycline chemotherapy proto-
cols [22–25]. Most participants (90.7%) in our study 
received four cycles of anthracycline combined with 
cyclophosphamide, with an average anthracycline dose 
of 223.2 ± 21.6  mg/m². The prevalence of symptomatic 
CTRCD was observed in less than 5% of this cohort, 
confirming findings from prior studies indicating a low 
incidence of symptomatic CTRCD during long-term 
follow-up [24, 26]. Among participants with symptom-
atic CTRCD, heart failure was the most common com-
plication. Other issues included cardiac arrhythmias 
such as atrial fibrillation, atrial tachycardia, AVNRT, and 
PVC. Some reports suggest an increased risk of cardiac 
arrhythmias associated with anthracycline treatment 
[27, 28]. Most patients (90%) who developed symptom-
atic CTRCD in our study were classified as moderate to 
high risk for baseline cardiovascular toxicity, as evaluated 
using the HFA-ICOS criteria.

Anthracycline is a topoisomerase II blocker. Its inhi-
bition leads to the activation of cell death pathways and 
suppression of mitochondrial biogenesis in cardiac myo-
cytes. This is now considered the fundamental mecha-
nism of anthracycline-induced cardiotoxicity (AIC), 
leading to permanent structural changes and long-term 
effects on cardiac function [29, 30]. The identification of 
early myocardial injury in cancer patients treated with 

anthracyclines often relies on cardiac imaging. Monitor-
ing LVEF by echocardiography is widely recognized as 
the consensus for identifying cardiotoxicity. However, its 
sensitivity is limited in detecting subtle myocardial dys-
function. Cardiac magnetic resonance imaging (CMR) is 
regarded as the reference standard for measuring ventric-
ular volumes and function, making it an optimal tool for 
cardiotoxicity assessment. CMR offers highly detailed, 
precise, and comprehensive imaging, often surpassing 
the capabilities of other cardiac imaging modalities. Fur-
thermore, CMR exhibits lower inter-reader variability 
than echocardiography when evaluating left ventricular 
function and volumes, enhancing its reliability in clinical 
and research settings. Although echocardiography is the 
method of early AIC assessment in our cohort, we chose 
CMR to evaluate long-term safety due to the superior-
ity of CMR in late consequences of anthracycline-related 
cardiomyopathy [1, 31].

Numerous studies define cardiotoxicity by serial 
decline in LVEF using different thresholds. In our study, 
early AIC was defined as LVEF decline of ≥ 10% from 
baseline, based on the studies before 2012 [13, 32, 33]. 
Although one-third of participants experienced acute 
AIC, no significant differences in clinical parameters were 
observed, for example, the median age at breast cancer 
diagnosis, baseline cardiovascular risk according to HFA-
ICOS criteria, BMI, cumulative doxorubicin-equivalent 
dose, or receipt of left chest wall radiation. The early 
AIC exhibited a decrease in LVEF after anthracycline 
therapy (p-value < 0.01) and more subsequent anti-HER2 
treatment (p-value 0.07) compared to the control group 
(Table  1). However, this decline did not translate into a 
significant increase in symptomatic CTRCD. We evalu-
ated all CMR parameters, including myocardial strain, 
scarring, increased native T1 mapping, and decreased 
LV mass index [2, 34]. The decline in global longitudinal 
strain (GLS) has been associated with the development 
of cardiotoxicity in many studies [35]. None of the par-
ticipants in either group exhibited a decrease in LVEF on 
CMR that met the 2022 IC-OS CTRCD criteria. No sig-
nificant differences were observed in CMR parameters, 
including LVEDV, LVESV, LV mass index, RVEF, T1 map-
ping, and GLS. The average long-term LVEF measured by 
CMR was comparable between the two groups, with an 
average LVEF of 60%, aligning with findings from recent 
prospective studies on healthy populations in the same 
age range [36]. Cardiac scarring was identified in one par-
ticipant (6.3%) from the case group and five (16.1%) from 
the control group. However, cardiac scars at RV inser-
tion and mid-wall scarring were reviewed and found to 
be potentially non-specific [37]. Our findings suggest that 
decreased in LVEF during anthracycline therapy does not 
predict significant cardiac events or long-term cardiac 
consequences. The usual CMR findings in asymptomatic 
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participants might support the long-term cardiac safety 
of anthracycline usage.

Cardiac biomarkers, such as troponins (cTn) and 
NT-proBNP, have been previously reported to identify 
patients at higher risk of developing myocardial dysfunc-
tion and may aid in detecting subclinical anthracycline-
related cardiotoxicity [5, 38, 39]. However, the utility of 
these biomarkers is limited [6–8]. Several studies have 
also focused on the role of microRNAs (miRNAs) in 
anthracycline-induced toxicity. The miRNAs were stored 
in exosomes, associated with RNA-binding proteins, and 
have been reported to have long-term stability. We bridge 
comprehensive miRNAs profiler through the NanoString 
platform to long-term CMR results. Our results revealed 
that the dynamic miRNAs profiler was consistent with 
previous reports [10, 18]. However, the diverse differ-
ential gene expression signal of selected miRNAs miR-
1-3p and miR-16-5p from miRNAs profiler of the early 
period (the 3rd week since the start of anthracycline) and 
confirmatory RT-PCR of the later period (the 6th week 
since the start of anthracycline) was revealed. The con-
troversial change in the level of miR-1-3p was previously 
reported [10]. The upregulation of miR-1 was reported in 
one study [11], while the downregulation of miR-1 was 
reported in another study [40]. Consistent with our study, 
significant upregulated miR-1-3p expression was found 
at the 6th week but not for the 3rd week since the start 
of anthracycline. The dynamic significant downregula-
tion of miR-16-5p and upregulation of miR-1-3p in the 
subsequent cycle might have biological implications con-
sistent with previous studies [41, 42]. This discrepancy in 
miRNA expression might be due to biological roles and 
regulatory mechanisms. miR-1-3p had biological func-
tions involved in cardiac development, remodeling, and 
promoting differentiation of embryonic stem cells [43–
45]. Meanwhile, miR-16-5p had a biologic function that 
promoted endoplasmic reticulum stress-induced apop-
tosis and oxidative stress in cardiomyocytes [41, 42, 46]. 
This is the first study to utilize comprehensive miRNA 
profiling to investigate miRNAs associated with anthra-
cycline-induced cardiac injury and the long-term cardiac 
safety of anthracycline treatment. Dynamic microRNAs, 
miR-1-3p, and miR-16-5p gene expression detection at 
the 6th week since the start of the anthracycline might 
be very early detection of anthracycline-induced cardio-
toxicity in subtle clinical impact by usual echocardiog-
raphy. Without a long-term effect of cardiac function by 
CMR, dynamic change of microRNA detection might not 
impact standard management. The findings of this study 
may enhance physician confidence in managing breast 
cancer treatment while addressing concerns regarding 
potential cardiac risks.

Lastly, we acknowledge several limitations in our study. 
First, our long-term prospective study was conducted 

in a single tertiary academic center since 2007. Since 
then, various definitions of CTRCD were periodically 
changed. At that time, mild CTRCD was defined as a 
decline of LVEF ≥ 10%. Among these cases, none of them 
had baseline LVEF ≤ 60%. Furthermore, we employed 
the Teicholz formula to measure left ventricular ejection 
fraction (LVEF), which was widely used as a standard 
method in our institute at the time of study conduct. The 
Teicholz formula exhibited more significant variability 
than advanced 2D and 3D volumetric techniques. Sec-
ond, the long-term follow-up led to a loss of participants 
over time. Although we obtained the death dates through 
The Bureau of Registration Administration, Ministry of 
Interior, information on the causes of death was partly 
unavailable. Third, we selected participants from asymp-
tomatic breast cancer survivors who are still attending 
follow-up in the clinic to perform CMR. Thus, we could 
not define the severity of CTRCD in all asymptomatic 
participants upon the 2022 ESC classification. Moreover, 
all CMR participants had low to moderate baseline HFA-
ICOS cardiovascular risk. This selection may have intro-
duced bias and led to an underestimation of the incidence 
of CTRCD. Fourth, CMR was recently integrated into 
clinical practice. The lack of baseline CMR data made 
it impossible to directly compare changes in long-term 
CMR parameters, including LVEF, GLS, and T1 mapping. 
Finally, we observed the dynamic expression of interested 
miRNAs, miR-1-3p and miR-16-5p, from RT-PCR at the 
6th week and miRNAs profiler at the 3rd week since the 
start of treatment. Non-confirmatory results of miRNA 
profilers might be the technical issues or downstream 
analysis. However, in our definition of case vs. control 
participants, significantly altered expression of miR-1-3p 
and miR-16-5p by RT-PCR at the 6th week exhibits a 
diverse AIC effect. Thus, we preferred the explanation of 
the biological relevance of the time-dependent dynamics 
of miRNAs, which is consistent with previous reports.

In conclusion, our study demonstrates a very low inci-
dence of long-term symptomatic CTRCD, despite acute 
anthracycline-induced cardiac injury, confirmed by 
dynamic changes of miRNAs. The diverse expression pat-
terns of miR-16-5p and miR-1-3p at different time points 
also provide valuable biological insights. Within-normal 
results of an exact and comprehensive CMR, in asymp-
tomatic and any LVEF change participants, indicate the 
long-term safety of limited-dose anthracycline-contain-
ing use.
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