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Simple Summary: Trastuzumab administered as a (neo)adjuvant therapy in radically treated Human
Epidermal Growth Factor Receptor 2 (HER2)-positive breast cancer patients improves overall survival.
This study aimed to assess if factors commonly thought to play a role as biomarkers of trastuzumab-
induced cardiotoxicity (TIC) are pathognomonic for this injury. Data obtained for 130 HER2-positive
breast cancer patients do not support an influence of N-terminal brain natriuretic peptide (NT-
proBNP), creatine kinase-MB (CK-MB), or myoglobin on the frequency of TIC. Suggestions for
trastuzumab therapy include: close cooperation between cardiologists and oncologists; not using
NT-proBNP, CK-MB, or myoglobin as standard TIC predictive markers; organizing prospective
studies assessing the role of these parameters as TIC predictive markers in the case of HER2 blockage
in conjunction with doublet immunotherapy or other anti-HER2 agents.

Abstract: Trastuzumab-induced cardiotoxicity (TIC) can lead to early treatment discontinuation.
The aim of this study was to evaluate: N-terminal brain natriuretic peptide (NT-proBNP), creatine
kinase-MB (CK-MB), myoglobin, and selected biochemical and clinical factors as predictors of TIC.
One hundred and thirty patients with HER2-positive BC receiving adjuvant trastuzumab therapy (TT)
were enrolled. Measurement of cardiac markers and biochemical tests as well as echocardiography
were performed prior to TT initiation and every three months thereafter. Cardiotoxicity leading to
treatment interruption occurred in 24 patients (18.5%). While cardiotoxicity caused early treatment
discontinuation in 14 patients (10.8%), the TIC resolved in 10 (7.7%) and TT was resumed. The most
common complication was a decrease in left ventricular ejection fraction of more than 10% from
baseline or below 50% (7.7%). In patients with TIC, there was no increase in the levels of NT-proBNP,
myoglobin, and CK-MB. BMI, hypertension, ischemic heart disease, diabetes, age, cancer stage, type
of surgery, use of radiotherapy, chemotherapy, and hormone therapy were shown to not have an
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effect on TIC occurrence. NT-proBNP, myoglobin, and CK-MB are not predictors of TIC. There is an
ongoing need to identify biomarkers for TIC.

Keywords: HER-2 positive breast cancer; cardiotoxicity; cardio-oncology; cardiac markers; trastuzumab

1. Introduction

Globally, breast cancer (BC) affects over one million women every year [1]. With the
exception of Eastern Africa, BC is the most common cancer diagnosis all over the world,
and a leading cause of cancer-related death in the female population of the majority of
regions [2].

Currently, BC is characterized not only by clinical staging and pathological grading,
but also by molecular hallmarks: cell proliferation marker Ki-67 and other markers, i.e.,
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER?2) [3]. Genomic analysis allowed identification of four molecular subtypes
including: luminal A, luminal B, HER2-like, and basal-like (with predominant ER-, PR-
and HER2-negative phenotype) [4]. New biomarkers are being identified for BC, for
instance phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)
or programmed death-ligand 1 (PD-L1) [3].

HER?2 expression is detected with the use of immunohistochemistry (IHC) and the
amplification of the HER2 gene with fluorescence in situ hybridization (FISH) [5]. HER2-
positive and triple-negative tumors carry unfavorable prognoses; however, due to the
introduction of anti-HER? treatment, the overall survival (OS) and progression-free survival
(PFS) within this group has improved significantly [4,6].

HER2-positive BC constitutes around 15-25% of all cases [4,7]. The treatment of
locally advanced HER2-positive BC requires a combination of systemic therapy (chemother-
apy, anti-HER2 agents +/— hormonal therapy), surgery and radiotherapy. Among these,
anthracycline-based chemotherapy, monoclonal anti-HER2 antibodies (mAbs), and radio-
therapy are considered to carry the risk of cardiotoxicity [7,8]. Anti-HER2 options for
localized disease are: trastuzumab administered for one year, +/— pertuzumab in ad-
dition to trastuzumab as neoadjuvant treatment, and adjuvant antibody drug conjugate
trastuzumab emtansine (T-DM1) in selected patients [7]. There are data supporting the idea
of shorter trastuzumab treatment with non-inferior efficacy for 6 months vs 12 months and
lower cardiotoxicity [9].

Numerous anticancer drugs are known to cause heart toxicity [10]. The risk of car-
diovascular toxicity during the treatment of HER2-positive BC seems underestimated [11].
Proper imaging and biomarker assessment are important for prevention and early diag-
nosis as the efficacy of cardioprotective treatment remains questionable [11-13]. The data
on cardiotoxicity incidence confirm the risk to be 3-26% for doxorubicin-based (type I
cardiotoxicity) and 2-28% for trastuzumab treatment (TT) (type II)—trastuzumab-induced
cardiotoxicity (TIC) [14]. Type I irreversible myocardial dysfunction is connected to my-
ocardium destruction, while type Il is related to the inhibition of physiological myocardial
functioning, and is thought to be temporary [10,14,15]. However, numerous data show that
TIC mechanisms are still evolving. HER2-positive BC patients commonly receive both types
of systemic treatment: chemotherapy and antiHER? treatment thus enhanced cardiotoxicity
induced by anthracyclines and trastuzumab-based regimens can be noted [10,14,15].

According to data in the literature, the markers that can predict TIC in the BC HER2-
positive population can be divided into [15-20]: biochemical: brain natriuretic peptide
(BNP), N-terminal brain natriuretic peptide (NT-proBNP), troponins, myoglobin, creatine
kinase-MB (CK-MB), glucose, uric acid, and lipids; morphological: decreased pre-treatment
left ventricular ejection fraction (LVEF); clinical: history of hypertension, history of dia-
betes, radiotherapy treatment, older age, obesity (and overweight), race; genetic: HER2
polymorphism.
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The aim of our study is to determine the impact of selected cardiac biomarkers and
other clinical and biochemical factors in predicting TIC in women treated radically for
HER2-positive BC.

2. Materials and Methods
2.1. Study Population

The prospective study included 130 women with breast cancer treated radically at the
Institute of Oncology in Krakow between 2009 and 2016. The research group was character-
ized by HER2 receptor overexpression and required the administration of trastuzumab as
adjuvant setting. Women with HER2-positive BC who received TT adjuvant were eligible
for study admission if (i) their baseline LVEF was >50% and (ii) no serious cardiological
contraindications at baseline of study (1-2 weeks before the start of TT) were present.

The patients were treated according to standard guidelines that were valid during
the treatment period (between 2009 and 2016) and following drug reimbursement in
Poland. Therefore, neither neoadjuvant TT nor neoadjuvant chemotherapy was admin-
istered in this population. Primarily, the patients underwent radical surgical treatment
followed by chemotherapy every 3 weeks with one of the schedules: (a) 4 cycles of dox-
orubicin 60 mg/m? or epirubicin 60 mg/m? plus cyclophosphamide 600 mg/m? (AC/EC);
(b) 4-6 cycles of doxorubicin or epirubicin 60 mg/m? plus cyclophosphamide 600 mg/m?
followed by 1-4 cycles of docetaxel 75 mg/m? (AC-T/EC-T); (c) 5-fluorouracil 500 mg/m?
plus doxorubicin or epirubicin 60 mg/m? plus cyclophosphamide 500 mg/m? (FAC). After
chemotherapy, patients received radiotherapy if clinically indicated concomitantly with TT
for a maximum of 1 year and adjuvant endocrine therapy in the case of a hormone-positive
tumor for at least 5 years. Trastuzumab was administered intravenously 8 mg/kg as a
loading dose followed by 6 mg/kg every 3 weeks.

2.1.1. Radiotherapy Technique

The RT technique depended on the type of surgical treatment. After breast-conserving
surgery (BCS), the entire breast was irradiated applying the tangential fields technique,
and when nodal involvement was presented, the mono-isocentric technique was used to
irradiate the entire breast and regional lymph nodes. Additionally, all patients irradiated
after BCS received a boost of 10 Gy to the tumor bed. In patients after mastectomy, the
technique of monocentric mixed photon-electron beam was used. The target volume
received a total dose of 45 Gy in 20 fractions given once a day, 5 days a week.

2.1.2. Primary Assessment (Baseline)

Before initiation of TT, the cardiovascular clinical risk factors of the patients had
been assessed (body mass index [BMI], hypertension, presence of ischemic heart disease,
diabetes, hyperlipidemia) [21] together with data concerning other comorbidities. The
primary assessment was carried out by medical personnel working at the study site. Each
patient was interviewed using the mandatory standard protocol at the study site and the
information collected was included in medical records.

2.1.3. Cardiac and Biomarker Evaluation

All patients underwent the following tests (Figure 1): (i) prior to every administration
of trastuzumab (baseline) and then every three to four weeks—New York Heart Associa-
tion (NYHA) scale classification, electrocardiography (ECG), complete blood count, serum
sodium, potassium, glucose, urea, creatinine, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and bilirubin; (ii) prior to the first administration of trastuzumab
(baseline), then every three months—echocardiography (including evaluation of left ven-
tricular ejection fraction [LVEF] and heart valve function), and (iii) before the first dose of
trastuzumab (baseline), every three/four administrations of trastuzumab and before the
last dose of trastuzumab: serum NT-proBNP, myoglobin, CK-MB, lipids, and uric acid.
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Figure 1. Study design schedule of performed measurements.

If TIC was developed and fulfilled one or both of these values: (1) a reduction of
LVEEF of >10% (compared to the baseline value) or LVEF < 50% in asymptomatic patients;
(2) symptoms manifestation of heart failure (according to the Framingham criteria) the
treatment was interrupted [22]. These patients underwent re-evaluation in 2-3 weeks and,
if their condition improved, TT was resumed. If not, it was stopped.

LVEF was evaluated using the biplane modified Simpson’s method in the apical two-
and four-chamber views.

2.1.4. Clinical Outcome

Data concerning oncological treatment for breast cancer (surgical treatment, chemother-
apy, radiotherapy, hormone therapy) was collected by investigators from medical records.
Echocardiography was performed by one experienced cardiologist. The blood sample was
collected by medical stuff at the study site.

2.2. Laboratory Analysis

HER? expression was assessed by immunohistochemistry (HercepTest). In the case of
equivocal HER? testing, HER2 gene amplification was assessed by the FISH method. Blood
for NT-proBNP, myoglobin, and CK-MB assessment was spun in a centrifuge (3800 x g/
10 min). The obtained serum was stored at —70 Celsius degrees. The concentrations were
measured applying the quantitative immunoenzymatic method using bioMérieux assays.
All the samples were examined in the Analytics and Clinical Biochemistry Department at
the Institute of Oncology, Krakéw Branch.

2.3. Ethical Considerations

Declaration: this study complies with the Declaration of Helsinki; the study received
approval from the Ethical Committee at the Regional Medical Chamber in Krakéw (decision
from 4th December 2013, numbered B/NZ5/00764).

2.4. Statistical Analysis

Associations between categorical co-variates (comorbidities, BMI category, CK-MB,
NT-proBNP, myoglobin, radiotherapy, hormone therapy, chemotherapy, valve insufficien-
cies, coexistent regurgitations) and the presence of cardiotoxicity (yes/no) during follow-up
was statistically tested using Pearson’s Chi-squared test, or the Fisher’s exact test, for di-
chotomous co-variates. Repeated ANOVA measures were used to statistically test the
change in LVEF level (%) over the follow-up, measured at six time points. Mann—-Whitney
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U test assessed differences in mean value of 6 measurements for NT-pro-BNP, myoglobin,
CK-MB (continuous variables) stratified according to age, BMI, presence of comorbidities,
treatment, valvular in-sufficiency and LVEF. The results were considered as statistically
valid if their p-value was equal to or below 0.05.

The correlation coefficient (r) was calculated to assess decrease and increase of LVEF
value during trastuzumab therapy. We indicated 4 grades of LVEF decrease or increase:
(1) strong decrease (r < —0.6), (2) weak decrease (r > —0.6 and r < 0), (3) weak increase
(r>0andr <0.6), (4) strong increase (r > 0.6).

3. Results
3.1. Baseline characteristics

One hundred and thirty women with HER2-positive BC (aged 33-77 at the onset of
TT) were enrolled in the study. In the whole group, all tests were performed using the
required protocol.

Table 1 presents the baseline characteristics and the applied treatment methods in
the study participants. All patients underwent radical surgical treatment (Madden radical
mastectomy or breast-conserving surgery), anthracycline-based adjuvant chemotherapy
(AC/EC, AC-T/EC-T, FAC) and—in the case of the hormone receptor-positive breast
cancer—received hormonal therapy. Postoperative radiotherapy (RT) was delivered in
102 patients (78.5%) using a linear accelerator (Table 1). Overall, the patients received
1-19 cycles of TT.

Table 1. Patients’ baseline characteristics.

Parameter No. of Patients (%)
. BCT 99 (76.2)
Surgical treatment Madden radical mastectomy 31 (23.8)
1 32 (24.6)
A 52 (40.0)
Stage of breast cancer 1IB 22 (169)
1A 24 (18.5)
. Left 67 (51.5)
Laterality Right 63 (48.5)
Radiotherapy 102 (78.5)
T Hormonal therapy 66 (50.8)
reatment Chemotherapy 127 (97.7)
Docetaxel administration 34 (26.2)
0 2 (1.5)
240 73 (56.2)
Anthracycline dose [mg/ m?] 300 4(3.1)
360 49 (37.7)
480 2 (1.5)
Ischemic Heart Disease 19 (14.6)
Comorbidities Hypertension 34 (26.2)
Type II Diabetes 5(3.8)
19-25 40 (30.8)
BMI [kg/m?] 25-30 49 (37.7)
>30 41 (31.5)

Abbreviations: BCT, breast conserving therapy; BMI, body mass index.

3.2. Key Outcome Measures

During TT, cardiac complications were detected in 24/130 (18.5%) patients (Table 2).
Of the 24 patients with cardiac complications: 14 (10.8% of the total number of patients)
developed side-effects which, due to their persistence, resulted in early treatment discon-



Cancers 2022, 14, 3353 6 of 14

tinuation; in 10 (7.7%), therapy was resumed and applied in accordance with the protocol
after temporary TT suspension and side-effects improvement.

Table 2. Cardiac complications during trastuzumab therapy.

All Cases: 130

No. of TT Cycles in

Complication No. of Cases with No. of Cases with . :
. . Patients with TT
Interruption of TT Cessation of TT .
Cessation
Decrease in LVEF 10 (7.7%) 3(2.3%) 7,8,12
Decrease in LVEF + o o
heart failure 2 (1.5%) 2 (1.5%) 1,11
Decrease in LVEF + o
arrhythmia 1(0.8%) 0 )
Decrease in LVEF +
arrhythmia + heart 1 (0.8%) 1 (0.8%) 6
failure
Heart failure 3 (2.3%) 3 (2.3%) 7,15,15
Arrhythmia 1 (0.8%) 0 -
Arrhythrpla + heart 1(0.8%) 0 )
failure
Severe valvular 2 (1.5%) 2 (1.5%) 9,12
regurgitation
Cardiac conduction o o
disorder 1 (0.8%) 1 (0.8%) 11
Exacerbation of
coronary artery 2 (1.5%) 2 (1.5%) 4,12
disease
Total 24 (18.5%) 14 (10.8%) -

Abbreviation: LVEEF, left ventricular ejection fraction.

3.2.1. Cardiac Complications Prevalence, Clinical Parameters, and Risk Factors

Analysis of changes in prevalence of cardiac complications through trastuzumab treat-
ment (using repeated-measure ANOVA) revealed that variables such as: age, BMI, presence
of hypertension, ischemic heart disease, diabetes mellitus, stage of the breast cancer, type
of surgical treatment, application of radiotherapy, hormone therapy, or chemotherapy may
not affect the occurrence or change in the severity of complications during treatment with
trastuzumab (data not presented).

The decrease of LVEF value was most significant in patients who had received radio-
therapy (p = 0.01, Figure 2A) and those who developed valve insufficiency during or after
radiotherapy (but not before) TT (p = 0.001, Figure 2B). Other studied parameters were not
related to changes in LVEF values before/during/after targeted therapy.

3.2.2. TIC Occurrence According to Levels of Clinical and Biochemical Parameters

Table 3 presents the relationship between comorbidities, BMI category, CK-MB, NT-
proBNP, myoglobin, radiotherapy, hormone therapy, chemotherapy, valve insufficiencies,
coexistent regurgitations) and the presence of cardiotoxicity. Univariate analyses showed
that none of the clinical and biochemical parameters (including NT-proBNP, myoglobin,
CK-MB and their changes during therapy) were significantly associated with risk of TIC
occurrence. Therefore, we conclude that the usefulness of NT-proBNP, myoglobin, CK-MB
as TIC markers is limited.
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Figure 2. Changes during therapy in levels of LVEF in patients with or without radiotherapy (A)

and in patients with different occurrence of valvular insufficiency of any grade (B); in levels of

NT-proBNP in patients stratified according to treatment (C) or changes in LVEF (D); in levels of

myoglobin in patients with or without coexisting ischemic heart disease (E) and in patients stratified

according to LVEF changes (F). * Valvular insufficiency of any grade. Abbreviations: ATC, doxorubicin

(anthracycline); DC, docetaxel; LVEEF, left ventricular ejection fraction; NT-proBNP, N-terminal brain

natriuretic peptide; RT, radiotherapy.
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Table 3. Relation between clinical and biochemical parameters and TIC.

Parameter No. of Cardiotoxicity Present
Patients in n (%)
Y 19 4211
Ischemic Heart Disease l\?g 11 20((18.3) 0.752
. Yes 34 7 (20.6)
Hypertension No 9% 17 (17.7) 0.80?
. . Yes 5 1(20.0)
Diabetes mellitus No 125 23 (18.4) 12
Normal range 40 6 (15.0)
BMI Overweight 49 13 (26.5) 0.19°
Obese 41 5(12.2)
3 Elevated 12 3 (25.0)
NT-proBNP Within normal limits 117 21(17.9) 0696
. Elevated 46 8(17.4)
Myoglobin Within normal limits 83 16 (19.3) 12
Elevated 4 1(25.0)
CK-MB Within normal limits 125 23 (18.4) 057°
. . Yes 10 2 (20.0)
. C
Increase in NT-proBNP level during therapy No 118 21 (17.8) 12
. . . Yes 57 10 (17.5)
C
Increase in myoglobin level during therapy No 71 13 (18.3) 14
. . Yes 9 3(33.3)
- C
Increase in CK-MB level during therapy No 119 20 (16.8) 0202
. Yes 102 19 (18.6)
Radiotherapy No 28 5(17.9) 12
Yes 66 12 (18.2)
Hormone therapy No 64 12 (18.7) 1@
Yes 127 24 (18.9)
Chemotherapy No 3 0(0.0) 12
Yes 34 9(26.5)
Docetaxel No 93 15 (16.1) 0212
4 23 4(17.4)
No. of docetaxel cycles 1-3 11 5(45.4) 0.08?
0 93 15 (16.1)
. 240 or 300 77 13 (16.9)
2
Anthracycline dose [mg/m~] 360 or 480 51 11 (21.6) 0.642
. . . Yes 90 18 (20.0)
Mitral valve insufficiency No 39 5(12.8) 0454
. . . - Yes 30 5(16.7)
Tricuspid valve insufficiency No 99 18 (18.2) 14
. . - Yes 24 5(20.8)
Aortic valve insufficiency No 105 18 (17.1) 0.772
. I Yes 98 20 (20.4)
Coexistent regurgitations No 31 3(9.7) 0284

a Fisher exact test, ® Pearson Chi?, ¢ value higher than baseline in at least one of measurements during/after TT.
Abbreviations: BCT, breast conserving therapy; BMI, body mass index. The following normal range values were
applied: NT-proBNP < 250 pg/mL; myoglobin 1046 ng/mL; CK-MB < 5.1 ng/mL; Attention: Among a few
patients only one measurement of NT-proBNP/myoglobin/CK-MB level was conducted. These patients were not
taken into consideration during the analysis.
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The NT-proBNP level (the mean value of 6 measurements before/during/after TT) was
significantly higher in: older patients; patients who received a more aggressive chemother-
apy schedule (anthracyclines > 300 mg/m? or docetaxel) and simultaneously RT at the left
site; women who developed valvular insufficiency of any grade during or after (not before)
TT and those with a decrease in LVEF during TT (p < 0.05, Table 4).

Table 4. Relationship between chosen clinical parameters and cardiac complications/valvular regur-
gitation developed during trastuzumab therapy.

Mean Value of 6 Measurements before/during/after
Trastuzumab Therapy

Parameter Catego N NT-pro-BNP M CK-MB
gory Mean (SD) Mean (SD) Mean (SD)
Total 129 88.4 (116.8) 16.8 (20.9) 3.0 (9.2)
Ave <54 years 66 70.9 (102.8) 13.7(7.7) 2.0 (0.9)
& >54 years 63 106.8 (128.2) @ 20.1 (28.6)® 4.0 (13.1)
BMI Normal weight: BMI < 25 48 96.8 (122.1) 14.1 (8.2) 1.9(0.8)
Overweight: BMI > 25 81 83.5 (114.1) 18.5 (25.6) 3.6 (11.5)
DM Not present 124 89.4 (118.8) 17.0 (21.3) 3.0 (9.4)
Present 5 65.3 (43.3) 12.8 (6.6) 1.8 (1.0)
Al Not present 9% 88.2 (131.1) 17.2 (23.8) 3.3 (10,6)
Present 33 89.0 (59.5) 15.8 (8.1) 2.0(1.2)
HD Not present 110 85.9 (123.2) 16.7 (22.23) 3.1(9.9)
Present 19 103.2 (70.2) 17.4 (10.98) 2.0 (0.9)
No RT or RT at right site or
RT or ChT (ATC < 300 mg/m2 and no DC) 97 77.6 (92.5) 14.5 (8.8) 22 (2.1)
(ATC > 300 mg/m? or DC) and b
RT at left side 32 121.4 (168.4) 23.8 (38.8) 5.3 (18.1)
- Not administered 62 103.2 (157.0) 19.4 (28.7) 4.0 (13.2)
Administered 67 74.8 (57.3) 14.4 (8.6) 2.0 (1.0)
Not present or present before
Valvular insufficiency of ~ and during/after trastuzumab 67 65.8 (52.1) 15.8 (10.1) 24 (24)
any grade * therapy
Developed during or after (not b

before) trastuzumab therapy 47 79.1 (48.4) 14.3 (8.0) 2.0(1.1)

Decrease during/after
LVEE trastazumab therapy * 79 103.6 (141.1) 17.8 (26.2) 3.6 (11.7)
Increase during/after 48 61.8 (50.0) 2 15.6 (7.0) 2.0 (0.8)

trastuzumab therapy **

Mann-Whitney U test: 2, p = 0.001; ®, p = 0.02; statistically significant relationship were marked as bold. Abbrevia-
tions: BMI, Body Mass Index; ATC, anthracyclines; DC, docetaxel; RT; radiotherapy; ChT, chemotherapy; HT,
hormonotherapy, DM, diabetes type 2; AH, arterial hypertension; IHD, Ischemic Heart Disease; NT-pro-BNP,
[pg/mL]; M, myoglobin [ng/mL]; CK-MB mass [ng/mL]; *: r <0, **: r > 0.

Moreover, with repeated-measure ANOVA, we found a significant increase in the level
of NT-proBNP in patients who had received a more aggressive chemotherapy schedule
and RT at left site (p = 0.02, Figure 2C). At the same time in patients with less aggressive
therapy (anthracyclines<300 mg/m? and no docetaxel) or lack of RT or RT at right side),
the NT-proBNP level decreased (p = 0.02, Figure 2C). Moreover, the decrease in NT-proBNP
values was more pronounced in patients who had developed a decrease of LVEF values
during TT (p = 0.002, Figure 2D).

The myoglobin level (the mean value of 6 measurements before/during/after TT)
was significantly higher in older patients (p = 0.02, Table 4). Moreover, with repeated-
measure ANOVA, we found a significant increase in the myoglobin level in women with a



Cancers 2022, 14, 3353

10 of 14

coexisting ischemic heart disease and those whose LVEF significantly decreased (r < —0.6)
before/during/after TT (p = 0.01, p < 0.000 respectively, Figure 2E,F).

Finally, we analyzed the relationship between risk factors (age, BMI, coexisting di-
abetes mellitus, arterial hypertension, and ischemic heart disease) and the level of bio-
chemistry tests (the mean value of 6 measurements before/during/after TT). Moreover (as
described above), a significant increase in myoglobin level was found in women with a
coexisting ischemic heart disease, while in those without this condition, the level of this
marker decreased.

The serum NT-proBNP level (counted as a mean value from six measurements before,
during and after TT) was significantly increased among: older patients (>54 years); patients
who received both left-sided RTH and more aggressive chemotherapy (anthracyclines
>300mg/ m? or docetaxel), but it did not correlate with the TIC occurrence.

Multivariate analysis was not conducted since there were only 24 “events” (TICs).
A general rule developed by F. Harrell was used, which states that to have an adequate
statistical power, multivariate analysis should include at least 10 events per variable. This
results in a maximum of only 2-3 variables that can be safely included in multivariate
analysis for our data.

4. Discussion

HER?2 is a transmembrane receptor with tyrosine kinase activity. It is involved in a
transduction of signals that induce cell growth and differentiation. HER2 overexpression
or amplification is a negative prognostic factor for patients with BC and is predictive of
response to anti-HER2 treatment. Anti-HER2 therapies significantly improve the prognosis
of HER2-positive BC patients by blocking HER2 signaling. However, HER2 also plays an
important role in maintaining a proper function of cardiomyocytes [23]. HER2 exhibits a
high affinity for dimerization with the entire family of epidermal growth factor receptors
(EGFR), especially with HER4 in cardiomyocytes, which is crucial for heart functioning.
Neuregulin, a protein binding to and activating both HER2 and HER4 tyrosine kinases,
supports growth, organization of myofilaments, and survival of isolated cardiomyocytes.
It also protects cardiomyocytes from stress and reactive oxygen species, induces cell divi-
sion cycle, and promotes regeneration, improving heart function. A disruption of HER2
signaling antagonizes neuregulin’s effects [24].

Recently, there has been a growing interest in TIC. As for now, neither its risk factors
nor predictive factors have been clearly identified. In our study, TIC occurred in 18% of
patients, leading to a premature termination of therapy in approximately 10% of these
cases. TIC was developed more often than in trastuzumab registration studies. Their
authors observed an incidence of up to 4.1% of cardiotoxicity in patients assigned to the
trastuzumab-containing arm in the NASBP-31 trial [25-28]. However, in the retrospective
cohort study by Bowles et al., an asymptomatic TIC was diagnosed in 9.8% of 12,500 BC
patients, suggesting that TIC occurs more often in clinical practice than had been sup-
posed [29]. This hypothesis is supported by a retrospective analysis of 450 BC patients by
Sato et al., with TIC occurrence of 9.2%. Moreover, they observed that factors commonly
thought to be predictors for cardiac toxicity for TT: age, BMI, hypertension, ischemic heart
disease, diabetes mellitus and treatment with anthracyclines, are not TIC predictors. Only
the development of valvular heart disease was proved to be a TIC predictive factor [30,31].
Similarly, our analysis shows that age, BMI, hypertension, ischemic heart disease, diabetes
mellitus, radiotherapy, and treatment with anthracyclines (with or without docetaxel) are
not TIC predictive factors. These data stand in opposition to the opinion of the European
Society of Cardiology, which states that age, BMI >30kg/m?, hypertension, heart disease,
anthracyclines therapy, and radiotherapy increase the risk of TIC [32]. This proves that we
do not have clinical predictors of TIC, and the commonly used method of TIC diagnosis
based on echocardiography and LVEF assessment is not optimal. There are studies proving
that the application of new techniques such as cardiac magnetic resonance imaging (MRI),
positron emission tomography (PET)/MRI and myocardial scintigraphy may facilitate TIC
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recognition [33]. The problem lies in their high cost and low availability. Still, echocardio-
graphy is the least expensive and most available diagnostic tool. Therefore, it is crucial
while performing echocardiography to assess heart valves and left ventricular relaxation
impairment since it may precede systolic dysfunction [34]. Whether cardiac markers might
be used as TIC predictors is still unclear [35,36]. This study shows that a higher incidence
of TIC does not correlate with an elevated level of the following markers: NT-proBNP,
CK-MB, and myoglobin measured before TT. In addition, no rise in these parameters was
observed among patients who developed TIC during the immunotherapy. The analysis of
the patients who had to stop the treatment due to cardiac complications demonstrates that
there were no changes in the NT-proBNP level just before the occurrence of the adverse
effects. This leads to the conclusion that changes in the NT-proBNP level cannot be used as
a predictive factor of TIC. A review of literature is inconclusive in terms of the usefulness
of NT-proBNP measurement in predicting cardiac complications during oncological treat-
ment [13,36-38]. Although Meinardi et al. noted a rise in the NT-proBNP level during a
year-long observation of 40 patients undergoing adjuvant anthracycline-based therapy, this
finding did not correlate with left ventricular systolic dysfunction [39]. On the other hand,
an elevation of NT-proBNP level was associated with impairment of left ventricular systolic
and relaxation function among 26 patients with acute leukaemia treated with anthracy-
clines [38]. Moreover, Sandri et al. showed that a maintained increased NT-proBNP level
over 72 h after the end of therapy correlates with development of left ventricular systolic
and relaxation dysfunction during a year-long observation [37]. Similarly, the usefulness of
other markers, such as myoglobin or CK-MB, has not been confirmed. Horacek et al. did
not observe significant changes in their level in patients with acute leukemia treated with
anthracyclines [40]. Ambiguous results of the aforementioned studies, differing methods of
measurement of these markers and assessment of heart function as well as heterogeneity of
analyzed groups do not permit the formulation of clear conclusions and recommendations
for measurement of NT-proBNP and other cardiac markers in early diagnosis of TIC among
BC patients. Interestingly, TIC has been proved to occur more often among patients of
Afro-American origin, suggesting that genetic factors might be predictive of TIC. According
to Stanton et al. HER? single nucleotide polymorphism (Pro 1170 Ala) is associated with a
2.6 x higher risk of TIC [41].

Study Limitations

This research has certain limitations. It is a single center study with established
cooperation between oncologists and cardiologists, which might not reflect all oncology
sites conducting such treatment in HER2-positive BC population. Almost all patients were
pretreated with anthracyclines, thus the conclusions can be drawn for this population.

In this research we did not obtain data for troponin levels. Troponin I was suggested
at the time of our study initiation as a biomarker of TIC [36]. Thus, we aimed to search for
new predictors. However, numerous data are inconclusive with current results obtained
for clinical trial patients showing no significance in terms of TIC for Troponin T [42]. This
topic requires further evaluation.

The current treatment of BC has moved from the adjuvant to neoadjuvant setting and
from single anti-HER2 blockage to double blockage with pertuzumab and adjuvant T-DM1
in selected populations [43]. For this reason, conducting a trial or even an observational
study with a larger population that assesses the potential toxicity of single HER2 blockage
with trastuzumab in a BC population and incidence of TIC would be challenging. Thus,
it is necessary to rely on data obtained before the change of practice (prior to 2016). In
this context, this study’s data, collected prospectively on a population of 130 women,
are unique.

Another limitation is the small group of patients with cardiac complications, which
were detected during trastuzumab treatment. In this study, complications were observed
in 24 patients (18.5%). In such a small group, random events could significantly affect
the results.
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5. Conclusions

A comprehensive oncological BC treatment is associated with the risk of cardiovas-
cular complications. It is necessary to properly qualify patients for treatment and cardio-
monitoring during treatment, in accordance with the Recommendations of the National
Team for Cardiology and Oncology Supervision [44]. Cardio-monitoring facilitates the
early diagnosis of heart failure and the resulting implementation of cardiological treatment.
In many cases, it is necessary to modify or discontinue oncological treatment. The observa-
tion carried out in this study showed that, in addition to symptomatic heart failure and
a decrease in LVEF, there are a number of other cardiovascular disorders associated with
oncological treatment [31]. It seems that the frequency and severity of cardiac complications
are underestimated in the clinical trial population and seem to be higher in the real-world
data. There is no evidence for the usefulness of cardiological biomarkers such as: NT-
proBNP, CK-MB, or myoglobin in predicting cardiological complications. The challenge is
the effective treatment of BC with minimal toxicity. This is especially important when using
adjuvant therapy. In these patients, late effects of oncological treatment may develop after
several decades and become a serious health issue. Taking into account the existing and
constantly evolving knowledge of the types and mechanisms of cardiotoxicity as well as the
methods for its prediction, detection and monitoring, it seems that cardio-oncological care
should be more comprehensive in order to minimize the toxicity of BC treatment [45-47].

Clinical Implications

Suggestions for BC patients receiving TT include close cooperation between cardiolo-
gists and oncologists; inclusion of a cardiologist as a Breast Unit team member; not using
NT-proBNP, CK-MB, or myoglobin as standard TIC predictive markers; also including
patients without cardiac risk factors in close cardiac monitoring; in patients with TIC, a
close follow-up of cardiac toxicity is recommended as TT can be resumed in the majority
of patients.

Author Contributions: Conceptualization, A.G.-W., A.A.,, WM.W., TW.; methodology, A.G.-W.,
E.K,; formal analysis, A.G.-W.,, M.P, A.A., M.K,; investigation, A.G.-W., EK_; resources, A.G.-W.,
B.S.-K, WM.W.,, TW,, ]J.L.,, RP-M., M.P, T.Z.,, AM.-M,; data curation, A.G.-W., WM.W., TW., T.Z.;
writing—original draft preparation, A.G.-W., M.P,, A.A., M.K,; writing—review and editing, M.Z.,
EK,]J.L,RP-M, BS.-K, WMW., TW., AM.-M,; funding acquisition, A.G.-W., A.A. All authors
have read and agreed to the published version of the manuscript.

Funding: The study was financed by the National Science Centre (Poland), based on the decision no.
DEC-2013/09/B/NZ5/00764.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee at the Regional Medical Chamber in Krakéw
(decision from 4 December 2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data available on request.

Acknowledgments: Authors thank Joanna Niemiec for being our constant inspiration for hard work
and Joanna Golab for editing the English version of the manuscript and the statistician Lukasz Deryto
who consulted and improved the statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

1. Shin, H.R. Global Activity of Cancer Registries and Cancer Control and Cancer Incidence Statistics in Korea. J. Prev. Med. Public
Health 2008, 41, 84-91. [CrossRef] [PubMed]

2. Ferlay,].; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Pifieros, M.; Znaor, A.; Bray, F. Estimating the Global Cancer
Incidence and Mortality in 2018: GLOBOCAN Sources and Methods. Int. J. Cancer 2019, 144, 1941-1953. [CrossRef] [PubMed]

3. Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, G. Breast Cancer. Lancet 2021, 397, 1750-1769. [CrossRef]


http://doi.org/10.3961/jpmph.2008.41.2.84
http://www.ncbi.nlm.nih.gov/pubmed/18385548
http://doi.org/10.1002/ijc.31937
http://www.ncbi.nlm.nih.gov/pubmed/30350310
http://doi.org/10.1016/S0140-6736(20)32381-3

Cancers 2022, 14, 3353 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

Zhu, H.; Dogan, B.E. American Joint Committee on Cancer’s Staging System for Breast Cancer, Eighth Edition: Summary for
Clinicians. Eur. J. Breast Health 2021, 17, 234-238. [CrossRef] [PubMed]

Mohanty, S.S.; Sahoo, C.R.; Padhy, R.N. Role of Hormone Receptors and HER2 as Prospective Molecular Markers for Breast
Cancer: An Update. Genes Dis. 2021, 9, 648-658. [CrossRef]

Cameron, D.; Piccart-Gebhart, M.].; Gelber, R.D.; Procter, M.; Goldhirsch, A.; de Azambuja, E.; Castro, G.; Untch, M.; Smith, L;
Gianni, L.; et al. 11 Years’ Follow-up of Trastuzumab after Adjuvant Chemotherapy in HER2-Positive Early Breast Cancer: Final
Analysis of the HERceptin Adjuvant (HERA) Trial. Lancet 2017, 389, 1195-1205. [CrossRef]

Goutsouliak, K.; Veeraraghavan, J.; Sethunath, V.; De Angelis, C.; Osborne, C.K.; Rimawi, M.E; Schiff, R. Towards Personalized
Treatment for Early Stage HER2-Positive Breast Cancer. Nat. Rev. Clin. Oncol. 2019, 17, 233-250. [CrossRef]

Gonciar, D.; Mocan, L.; Zlibut, A.; Mocan, T.; Agoston-Coldea, L. Cardiotoxicity in HER2-Positive Breast Cancer Patients. Heart
Fail. Rev. 2021, 26, 919-935. [CrossRef]

Earl, H.M.; Hiller, L.; Vallier, A.L.; Loi, S.; McAdam, K.; Hughes-Davies, L.; Harnett, A.N.; Ah-See, M.L.; Simcock, R.; Rea, D;
et al. 6 versus 12 Months of Adjuvant Trastuzumab for HER2-Positive Early Breast Cancer (PERSEPHONE): 4-Year Disease-Free
Survival Results of a Randomised Phase 3 Non-Inferiority Trial. Lancet 2019, 393, 2599-2612. [CrossRef]

Grela-Wojewoda, A.; Pacholczak-Madej, R.; Adamczyk, A.; Korman, M.; Piskiilltioglu, M. Cardiotoxicity Induced by Protein
Kinase Inhibitors in Cancer Patient Population. Int. J. Mol. Sci. 2022, 23, 2815. [CrossRef]

Litvak, A.; Batukbhai, B.; Russell, S.D.; Tsai, H.L.; Rosner, G.L.; Jeter, S.C.; Armstrong, D.; Emens, L.A; Fetting, J.; Wolff, A.C.;
et al. Racial Disparities in the Rate of Cardiotoxicity of HER2-Targeted Therapies among Women with Early Breast Cancer. Cancer
2018, 124, 1904-1911. [CrossRef] [PubMed]

Shaikh, A.Y.; Shih, J.A. Chemotherapy-Induced Cardiotoxicity. Curr. Heart Fail. Rep. 2012, 9, 117-127. [CrossRef] [PubMed]
Stowik, A.J.; Jagielski, P.; Potocki, P.; Streb, J.; Ochenduszko, S.; Wysocki, P.; Gajos, G.; Konduracka, E. Anthracycline-Induced
Cardiotoxicity Prevention with Angiotensin-Converting Enzyme Inhibitor Ramipril in Women with Low-Risk Breast Cancer:
Results of a Prospective Randomized Study. Kardiol. Pol. 2020, 78, 131-137. [CrossRef] [PubMed]

Koutsoukis, A.; Ntalianis, A.; Repasos, E.; Kastritis, E.; Dimopoulos, M.A.; Paraskevaidis, I. Cardio-Oncology: A Focus on
Cardiotoxicity. Eur. Cardiol. Rev. 2018, 13, 64—69. [CrossRef]

Lidbrink, E.; Chmielowska, E.; Otremba, B.; Bouhlel, A.; Lauer, S.; Liste Hermoso, M.; Niesch, E.; Shing, M.; Misra, V. A
Real-World Study of Cardiac Events in >3700 Patients with HER2-Positive Early Breast Cancer Treated with Trastuzumab: Final
Analysis of the OHERA Study. Breast Cancer Res. Treat. 2019, 174, 187-196. [CrossRef]

Russo, G.; Cioffi, G.; Gori, S.; Tuccia, F; Boccardi, L.; Khoury, G.; Lestuzzi, C.; Maurea, N.; Oliva, S.; Faggiano, P.; et al. Role of
Hypertension on New Onset Congestive Heart Failure in Patients Receiving Trastuzumab Therapy for Breast Cancer. J. Cardiovasc.
Med. 2014, 15, 141-146. [CrossRef]

Guenancia, C.; Lefebvre, A.; Cardinale, D.; Yu, A.F; Ladoire, S.; Ghiringhelli, E; Zeller, M.; Rochette, L.; Cottin, Y.; Vergely,
C. Obesity as a Risk Factor for Anthracyclines and Trastuzumab Cardiotoxicity in Breast Cancer: A Systematic Review and
Meta-Analysis. J. Clin. Oncol. 2016, 34, 3157-3165. [CrossRef]

Jawa, Z.; Perez, RM.; Garlie, L.; Singh, M.; Qamar, R.; Khandheria, B.K.; Jahangir, A.; Shi, Y. Risk Factors of Trastuzumab-Induced
Cardiotoxicity in Breast Cancer A Meta-Analysis. Medicine 2016, 95, €5195. [CrossRef]

Udagawa, C.; Nakamura, H.; Ohnishi, H.; Tamura, K.; Shimoi, T.; Yoshida, M.; Yoshida, T.; Totoki, Y.; Shibata, T.; Zembutsu, H.
Whole Exome Sequencing to Identify Genetic Markers for Trastuzumab-Induced Cardiotoxicity. Cancer Sci. 2018, 109, 446—452.
[CrossRef]

Pinheiro, E.A.; Fetterman, K.A.; Burridge, PW. HiPSCs in Cardio-Oncology: Deciphering the Genomics. Cardiovasc. Res. 2019,
115, 935-948. [CrossRef]

Alawadi, F; Abusnana, S.; Afandi, B.; Aldahmani, K.M.; Alhajeri, O.; Aljaberi, K.; Alkaabi, J.; Almadani, A.; Bashier, A.; Beshyah,
S.A.; et al. Emirates Diabetes Society Consensus Guidelines for the Management of Type 2 Diabetes Mellitus—2020. Dubai Diabetes
Endocrinol. J. 2020, 26, 1-20. [CrossRef]

McKee, P.A.; Castelli, W.P.; McNamara, PM.; Kannel, W.B. The Natural History of Congestive Heart Failure: The Framingham
Study. N. Engl. ]. Med. 1971, 285, 1441-1446. [CrossRef] [PubMed]

Criscitiello, C.; Curigliano, G. HER2 Signaling Pathway and Trastuzumab Cardiotoxicity. Futur. Oncol. 2013, 9, 179-181.
[CrossRef] [PubMed]

Guglin, M.; Cutro, R.; Mishkin, J.D. Trastuzumab-Induced Cardiomyopathy. J. Card. Fail. 2008, 14, 437-444. [CrossRef]

Slamon, D.; Eiermann, W.; Robert, N.; Pienkowski, T.; Martin, M.; Press, M.; Mackey, J.; Glaspy, J.; Chan, A.; Pawlicki, M.; et al.
Adjuvant Trastuzumab in HER2-Positive Breast Cancer. N. Engl. |. Med. 2011, 365, 1273-1283. [CrossRef]

Piccart-Gebhart, M.].; Procter, M.; Leyland-Jones, B.; Goldhirsch, A.; Untch, M.; Smith, I.; Gianni, L.; Baselga, J.; Bell, R.; Jackisch,
C.; et al. Trastuzumab after Adjuvant Chemotherapy in HER2-Positive Breast Cancer. N. Engl. ]. Med. 2005, 353, 1659-1672.
[CrossRef]

Vici, P;; Viola, G.; Botti, C.; Rossi, S.; Vitucci, C.; Corsetti, S.; Di Lauro, L.; Sergi, D.; Foggi, P,; Perri, P; et al. Docetaxel in the
Adjuvant Therapy of HER-2 Positive Breast Cancer Patients. Clin. Ter. 2008, 159, 449-452.

Perez, E.A.; Romond, E.H.; Suman, V.J.; Jeong, ].H.; Sledge, G.; Geyer, C.E.; Martino, S.; Rastogi, P.; Gralow, J.; Swain, S.M.; et al.
Trastuzumab plus Adjuvant Chemotherapy for Human Epidermal Growth Factor Receptor 2-Positive Breast Cancer: Planned
Joint Analysis of Overall Survival from NSABP B-31 and NCCTG N9831. J. Clin. Oncol. 2014, 32, 3744-3752. [CrossRef]


http://doi.org/10.4274/ejbh.galenos.2021.2021-4-3
http://www.ncbi.nlm.nih.gov/pubmed/34263150
http://doi.org/10.1016/j.gendis.2020.12.005
http://doi.org/10.1016/S0140-6736(16)32616-2
http://doi.org/10.1038/s41571-019-0299-9
http://doi.org/10.1007/s10741-020-10072-8
http://doi.org/10.1016/S0140-6736(19)30650-6
http://doi.org/10.3390/ijms23052815
http://doi.org/10.1002/cncr.31260
http://www.ncbi.nlm.nih.gov/pubmed/29381193
http://doi.org/10.1007/s11897-012-0083-y
http://www.ncbi.nlm.nih.gov/pubmed/22382639
http://doi.org/10.33963/KP.15163
http://www.ncbi.nlm.nih.gov/pubmed/31995035
http://doi.org/10.15420/ecr.2017:17:2
http://doi.org/10.1007/s10549-018-5058-6
http://doi.org/10.2459/JCM.0b013e328365afb5
http://doi.org/10.1200/JCO.2016.67.4846
http://doi.org/10.1097/MD.0000000000005195
http://doi.org/10.1111/cas.13471
http://doi.org/10.1093/cvr/cvz018
http://doi.org/10.1159/000506508
http://doi.org/10.1056/NEJM197112232852601
http://www.ncbi.nlm.nih.gov/pubmed/5122894
http://doi.org/10.2217/fon.12.193
http://www.ncbi.nlm.nih.gov/pubmed/23414468
http://doi.org/10.1016/j.cardfail.2008.02.002
http://doi.org/10.1056/NEJMoa0910383
http://doi.org/10.1056/NEJMoa052306
http://doi.org/10.1200/JCO.2014.55.5730

Cancers 2022, 14, 3353 14 of 14

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bowles, E.J.A.; Wellman, R.; Feigelson, H.S.; Onitilo, A.A.; Freedman, A.N.; Delate, T.; Allen, L.A.; Nekhlyudov, L.; Goddard,
K.A.B,; Davis, R.L,; et al. Risk of Heart Failure in Breast Cancer Patients after Anthracycline and Trastuzumab Treatment: A
Retrospective Cohort Study. J. Natl. Cancer Inst. 2012, 104, 1293-1305. [CrossRef]

Sato, A.; Yoshihisa, A.; Miyata-Tatsumi, M.; Oikawa, M.; Kobayashi, A.; Ishida, T.; Ohtake, T.; Takeishi, Y. Valvular Heart Disease
as a Possible Predictor of Trastuzumab-Induced Cardiotoxicity in Patients with Breast Cancer. Mol. Clin. Oncol. 2018, 10, 37-42.
[CrossRef]

Grela-Wojewoda, A.; Niemiec, J.; Sas-Korczyniska, B.; Zemetka, T.; Puskulluoglu, M.; Wysocki, WM.; Wojewoda, T.; Pacholczak-
Madej, R.; Adamczyk, A.; Mucha-Matecka, A.; et al. Adjuvant Combined Therapy with Trastuzumab in Patients with HER2-
Positive Breast Cancer and Cardiac Alterations: Implications for Optimal Cardio-Oncology Care. Pol. Arch. Intern. Med. 2022.
[CrossRef] [PubMed]

Zamorano, ].L.; Lancellotti, P.; Mufioz, D.R.; Aboyans, V.; Asteggiano, R.; Galderisi, M.; Habib, G.; Lenihan, D.J.; Lip, G.Y.H;
Lyon, A.R; et al. 2016 ESC Position Paper on Cancer Treatments and Cardiovascular Toxicity Developed under the Auspices of
the ESC Committee for Practice Guidelines: The Task Force for Cancer Treatments and Cardiovascular Toxicity of the European
Society of Cardiology (ESC). Russ. J. Cardiol. 2017, 143, 105-139. [CrossRef] [PubMed]

Bloom, M.W.; Hamo, C.E.; Cardinale, D.; Ky, B.; Nohria, A.; Baer, L.; Skopicki, H.; Lenihan, D.J.; Gheorghiade, M.; Lyon, A.R,;
et al. Cancer Therapy-Related Cardiac Dysfunction and Heart Failure: Part 1: Definitions, Pathophysiology, Risk Factors, and
Imaging. Circ. Hear Fail. 2016, 9, e002661. [CrossRef] [PubMed]

Tassan-Mangina, S.; Codorean, D.; Metivier, M.; Costa, B.; Himberlin, C.; Jouannaud, C.; Blaise, A.M.; Elaerts, J.; Nazeyrollas, P.
Tissue Doppler Imaging and Conventional Echocardiography after Anthracycline Treatment in Adults: Early and Late Alterations
of Left Ventricular Function during a Prospective Study. Eur. ]. Echocardiogr. 2006, 7, 141-146. [CrossRef]

Blancas, I.; Martin-Pérez, FJ.; Garrido, J.M.; Rodriguez-Serrano, F. NT-ProBNP as Predictor Factor of Cardiotoxicity during
Trastuzumab Treatment in Breast Cancer Patients. Breast 2020, 54, 106-113. [CrossRef]

Cardinale, D.; Colombo, A.; Torrisi, R.; Sandri, M.T.; Civelli, M.; Salvatici, M.; Lamantia, G.; Colombo, N.; Cortinovis, S.; Dessanai,
M.A.; et al. Trastuzumab-Induced Cardiotoxicity: Clinical and Prognostic Implications of Troponin I Evaluation. J. Clin. Oncol.
2010, 28, 3910-3916. [CrossRef]

Sandri, M.T.; Salvatici, M.; Cardinale, D.; Zorzino, L.; Passerini, R.; Lentati, P.; Leon, M.; Civelli, M.; Martinelli, G.; Cipolla, C.M.
N-Terminal pro-B-Type Natriuretic Peptide after High-Dose Chemotherapy: A Marker Predictive of Cardiac Dysfunction? Clin.
Chem. 2005, 51, 1405-1410. [CrossRef]

Horacek, ].M.; Pudil, R.; Jebavy, L.; Tichy, M.; Zak, P.; Maly, J. Assessment of Anthracycline-Induced Cardiotoxicity with
Biochemical Markers. Exp. Oncol. 2007, 29, 309-313.

Meinardi, M.T.; Van Veldhuisen, D.J.; Gietema, ].A.; Dolsma, W.V.; Boomsma, F.; Van Den Berg, M.P,; Volkers, C.; Haaksma, J.; De
Vries, E.G.E,; Sleijfer, D.T.; et al. Prospective Evaluation of Early Cardiac Damage Induced by Epirubicin-Containing Adjuvant
Chemotherapy and Locoregional Radiotherapy in Breast Cancer Patients. . Clin. Oncol. 2001, 19, 2746-2753. [CrossRef]
Horacek, ].M.; Tichy, M.; Jebavy, L.; Pudil, R.; Ulrychova, M.; Maly, J. Use of Multiple Biomarkers for Evaluation of Anthracycline-
Induced Cardiotoxicity in Patients with Acute Myeloid Leukemia. Exp. Oncol. 2008, 30, 157-159.

Stanton, S.E.; Ward, M.M.; Christos, P.; Sanford, R.; Lam, C.; Cobham, M.V.; Donovan, D.; Scheff, R.J.; Cigler, T.; Moore, A; et al.
Pro1170 Ala Polymorphism in HER2-Neu Is Associated with Risk of Trastuzumab Cardiotoxicity. BMC Cancer 2015, 15, 267.
[CrossRef] [PubMed]

Ponde, N.; Bradbury, I.; Lambertini, M.; Ewer, M.; Campbell, C.; Ameels, H.; Zardavas, D.; Di Cosimo, S.; Baselga, J.; Huober, J.;
et al. Cardiac biomarkers for early detection and prediction of trastuzumab and/or lapatinib-induced cardiotoxicity in patients
with HER2-positive early-stage breast cancer: A NeoALTTO sub-study (BIG 1-06). Breast Cancer Res Treat. 2018, 168, 631-638.
[CrossRef] [PubMed]

Kreutzfeldt, J.; Rozeboom, B.; Dey, N.; De, P. The Trastuzumab Era: Current and Upcoming Targeted HER2+ Breast Cancer
Therapies. Am. . Cancer Res. 2020, 10, 1045-1067.

Opolski, G.; Krzakowski, M.; Szmit, S.; Banach, J.; Chudzik, M.; Cygankiewicz, I.; Drozdz, J.; Filipiak, K.J.; Grabowski, M.;
Kaczmarek, K.; et al. Recommendations of National Team of Cardiologic and Oncologic Supervision on Cardiologic Safety of
Patients with Breast Cancer. The Prevention and Treatment of Cardiovascular Complications in Breast Cancer. The Task Force of
National Consultants in Cardiology and Clinical Oncology for the Elaboration of Recommendations of Cardiologic Proceeding
with Patients with Breast Cancer. Kardiol. Pol. 2011, 69, 520-530. [PubMed ]

Tajstra, M.; Blamek, S.; Skoczylas, I.; Majsnerowska, A.; Niedziela, ].T.; Gadula-Gacek, E.; Bobek-Billewicz, B.; Gasior, M.; Jarzab,
M. Two Professions against Two Killer Diseases: The Rationale, Organization, and Initial Experience of a Cardio-Oncology
Service. Kardiol. Pol. 2021, 79, 139-146. [CrossRef]

Teske, A.J.; Linschoten, M.; Kamphuis, ].A.M.; Naaktgeboren, W.R.; Leiner, T.; van der Wall, E.; Kuball, J.; van Rhenen, A;
Doevendans, P.A.; Cramer, M.].; et al. Cardio-Oncology: An Overview on Outpatient Management and Future Developments.
Neth. Heart |. 2018, 26, 521-532. [CrossRef]

De Baat, E.C.; Naaktgeboren, W.R,; Leiner, T.; Teske, A.J.; Habets, J.; Grotenhuis, H.B. Update in Imaging of Cancer Therapy-
Related Cardiac Toxicity in Adults. Open Heart 2021, 8, e001506. [CrossRef]


http://doi.org/10.1093/jnci/djs317
http://doi.org/10.3892/mco.2018.1764
http://doi.org/10.20452/pamw.16204
http://www.ncbi.nlm.nih.gov/pubmed/35089680
http://doi.org/10.1002/ejhf.654
http://www.ncbi.nlm.nih.gov/pubmed/27565769
http://doi.org/10.1161/CIRCHEARTFAILURE.115.002661
http://www.ncbi.nlm.nih.gov/pubmed/26747861
http://doi.org/10.1016/j.euje.2005.04.009
http://doi.org/10.1016/j.breast.2020.09.001
http://doi.org/10.1200/JCO.2009.27.3615
http://doi.org/10.1373/clinchem.2005.050153
http://doi.org/10.1200/JCO.2001.19.10.2746
http://doi.org/10.1186/s12885-015-1298-6
http://www.ncbi.nlm.nih.gov/pubmed/25885598
http://doi.org/10.1007/s10549-017-4628-3
http://www.ncbi.nlm.nih.gov/pubmed/29280043
http://www.ncbi.nlm.nih.gov/pubmed/21594854
http://doi.org/10.33963/KP.15674
http://doi.org/10.1007/s12471-018-1148-7
http://doi.org/10.1136/openhrt-2020-001506

	Introduction 
	Materials and Methods 
	Study Population 
	Radiotherapy Technique 
	Primary Assessment (Baseline) 
	Cardiac and Biomarker Evaluation 
	Clinical Outcome 

	Laboratory Analysis 
	Ethical Considerations 
	Statistical Analysis 

	Results 
	Baseline characteristics 
	Key Outcome Measures 
	Cardiac Complications Prevalence, Clinical Parameters, and Risk Factors 
	TIC Occurrence According to Levels of Clinical and Biochemical Parameters 


	Discussion 
	Conclusions 
	References

