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INTRODUCERE

Disfunctia cardiaca indusa de chimioterapie a devenit o preocupare majora de
sanatate pe termen lung in randul supravietuitorilor de neoplazii pediatrice, in special
din cauza cardiotoxicitatii asociate cu antraciclinele (AC), elemente-cheie in tratamentul
leucemiei limfoblastice acute (LAL) la copii. LAL este cea mai frecventa neoplazie
pediatrica, iar progresele terapeutice din ultimele decenii au crescut rata de
supravietuire de la circa 50% in anii 1970 la aproape 90% in prezent. Aceasta reusita a
reorientat atentia cercetarii catre prevenirea si gestionarea efectelor adverse tardive ale
tratamentului oncologic.

Antraciclinele sunt bine cunoscute pentru potentialul lor de a produce leziuni
cardiace cumulative, adesea ireversibile, care pot duce la insuficientd cardiaca
congestiva (ICC), asociata cu un prognostic nefavorabil. Tot mai multe dovezi sugereaza
ca afectarea cardiaca poate incepe chiar inaintea chimioterapiei, posibil ca efect al bolii
maligne 1n sine. Cu toate acestea, mecanismele si amploarea afectarii cardiace timpurii
in LAL raman insuficient elucidate.

in acest context, studiul nostru urmareste caracterizarea modificarilor cardiace
precoce la copiii diagnosticati cu LAL, prin monitorizarea biomarkerilor cardiaci serici,
a parametrilor ECG (inclusiv Holter) si a indicilor ecocardiografici, atat la diagnostic, cat
si In primele etape ale tratamentului. De asemenea, cercetarea exploreaza legatura
dintre disfunctia cardiaca precoce, severitatea bolii si riscul de recidiva, cu scopul de a
sustine dezvoltarea unor strategii personalizate de monitorizare si protectie
cardiovasculara in oncologia pediatrica.
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STADIUL ACTUAL AL CUNOASTERII

Leucemia acutd limfoblastica (LAL) este cea mai frecventa forma de cancer la
copii, reprezentand pand la 30% din cazuri. Desi rata de supravietuire la 5 ani depaseste
85% datoritd progreselor in diagnostic si tratament, apare o preocupare tot mai mare
legata de complicatiile tardive, in special cardiotoxicitatea provocata de chimioterapie.

Antraciclinele, in special doxorubicina, sunt esentiale in tratamentul LAL, dar
prezinta un risc crescut de cardiotoxicitate, atat acuta, cat si cronica, adesea ireversibila.
Aceasta este doza-dependenta si poate aparea la ani dupa tratament. Copiii sunt mai
vulnerabili din cauza imaturitatii cardiace si a sperantei de viata mai lungi. Chiar si doze
reduse pot afecta inima, mai ales la cei cu predispozitie genetica. Supravietuitorii
pediatrici au un risc semnificativ crescut de insuficienta cardiaca si deces cardiac. Exista
dovezi ca leucemia insasi poate contribui la disfunctia cardiaca inca de la debut.

Desi afectarea cardiaca este tot mai recunoscutad in LAL, nu exista protocoale
standardizate pediatrice pentru evaluarea riscului la diagnostic. Spre deosebire de
adulti, unde ghidurile recomanda evaluari cardiace precoce, in pediatrie monitorizarea
se face mai ales dupa tratament. Metodele utilizate includ ecocardiografia, ECG-ul si
biomarkeri serici precum troponinele si NT-proBNP. Biomarkerii noi, cum sunt
microARN-urile, promit detectarea timpurie, dar necesita validare la copii.

Lipsa valorilor de referintd adaptate varstei si a ghidurilor clare limiteaza
identificarea timpurie a riscului cardiac la copiii cu LAL. Instrumentele existente,
precum IGHG si consensul Delphi, vizeaza mai ales monitorizarea post-tratament, fara a
aborda suficient faza initiala. Desi interventiile cardioprotectoare, precum dexrazoxanul
si inhibitorii ECA, arata rezultate promitatoare, acestea necesita validare suplimentara
in studii pediatrice.

In concluzie, cardiotoxicitatea reprezinti o problemd majord in oncologia
pediatrica. Cresterea numarului de supravietuitori impune dezvoltarea unor strategii
standardizate si proactive de monitorizare cardiaca, bazate pe identificarea timpurie a
riscului, utilizarea biomarkerilor emergenti si aplicarea de interventii personalizate
pentru a preveni complicatiile si a imbunatati calitatea vietii pe termen lung.

CONTRIBUTII PERSONALE

Capitolul prezinta patru studii incluse in teza de doctorat: unul retrospectiv,
realizat intre martie 2014 si martie 2016, pe pacienti cu LAL sau LAM, si trei prospective,
desfasurate pe parcursul a cinci ani, cu aprobarea comisiilor de etica (nr.
470/19.12.2018). Mostre de sange periferic au fost recoltate la diagnostic si in fazele
initiale ale tratamentului de la toti pacientii nou diagnosticati cu LAL. Mostre de sange
periferic au fost recoltate la momentul diagnosticului si in fazele incipiente ale
chimioterapiei de la toti pacientii nou diagnosticati cu LAL.
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Aceastd cercetare a condus la publicarea a cinci articole indexate Web of Science-
SCIE: patru in reviste Q2, cu factori de impact de 3.464, 3.464, 3.0 si 2.0, si unul intr-o
revista Q4, cu factor de impact 1.397. In plus, un al saselea articol este in prezent in
proces de revizuire intr-o revista Q2 a grupului Springer-Nature, cu un factor de impact
de 3.0.

Studiul 1: Explorarea functiei cardiace inainte de chimioterapie la copiii cu
leucemie acuta: rolul ecocardiografiei si al markerilor biologici cardiaci

Scop / Obiective: In acest studiu am analizat functia cardiaca de baza la copiii
diagnosticati cu leucemie acuta (LAL sau LAM), inainte de Inceperea chimioterapiei,
folosind ecocardiografie si biomarkeri cardiaci (cTnT, NT-proBNP, CK-MB, hs-CRP)
pentru a identifica disfunctia miocardica subclinica. Ipoteza de lucru este ca leucemia
poate cauza modificari cardiace precoce prin mecanisme precum infiltrarea tisulara sau
inflamatia. Studiul urmareste si corelatiile dintre parametrii cardiaci si cei hematologici,
pentru a sprijini o abordare integrata de evaluare timpurie a riscului in cardio-oncologia
pediatrica.

Material si metode: Studiul retrospectiv, desfasurat la un centru de hemato-oncologie
pediatrica din Cluj-Napoca, a inclus 35 de copii diagnosticati cu LAL sau LAM intre
martie 2014 si decembrie 2016. Tnaintea chimioterapiei, pacientii au fost evaluati prin
analize hematologice, ecocardiografie si biomarkeri cardiaci (cTnT, NT-proBNP, CK-MB,
hs-CRP) pentru identificarea disfunctiei miocardice subclinice. Ecocardiografia a evaluat
functia sistolica si diastolica folosind tehnici Doppler si valori de referinta ajustate
varstei. Analiza datelor s-a realizat statistic, cu un prag de semnificatie de p < 0,05.

Rezultate: Rezultatele obtinute arata ca multi pacienti prezentau inca de la diagnostic
niveluri crescute ale biomarkerilor cardiaci (NT-proBNP, troponind T, CK-MB) si
modificari ecocardiografice subtile, indicand disfunctie miocardica subclinica. NT-
proBNP s-a corelat cu nivelul sangvin al leucocitelor, LDH si procentul de blasti, iar
scaderea LVEF s-a asociat cu aceiasi parametri. Corelatiile dintre functia diastolica si
biomarkeri sugereaza existenta unui stres cardiac precoce legat de severitatea bolii
leucemice.

Concluzii: Studiul evidentiaza importanta monitorizarii cardiace precoce la copiii cu
leucemie, aratand ca disfunctia miocardica subclinica poate fi prezenta chiar inaintea
chimioterapiei. Corelatiile semnificative intre incarcatura blastilor si NT-proBNP,
precum si intre raportul E/e’ si numirul de blasti, sugereaza un impact direct al bolii
asupra inimii. Aceste date sustin introducerea timpurie a masurilor cardioprotectoare
si subliniaza valoarea combinarii ecocardiografiei cu biomarkeri precum troponina, NT-
proBNP si CK-MB. Sunt necesare studii prospective extinse pentru validarea rezultatelor
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Studiu 2. Impactul tratamentului asupra variabilitatii ritmului cardiac in
leucemia pediatrica: semne precoce de afectare autonoma

Scop / Obiective: Prin acest studiu ne-am propus investigarea variabilitatii ritmului
cardiac (HRV) ca marker timpuriu, non-invaziv al cardiotoxicitatii subclinice la copiii cu
LAL. HRV a fost evaluata inainte de tratament, dupa jumatate din doza cumulativa de
doxorubicind si dupa prima doza de ciclofosfamida. S-au analizat corelatiile dintre
modificarile HRV, biomarkerii cardiaci (NT-proBNP, hs-cTn) si parametrii
ecocardiografici, pentru a evalua potentialul HRV de a detecta precoce afectarea
cardiaca si a sustine o stratificare individualizata a riscului in tratamentul leucemiei
pediatrice.

Material si metode: Acest studiu prospectiv, realizat intre 2019 si 2023 la un centru din
Cluj-Napoca, a inclus 35 de copii cu LAL. S-a evaluat functia autonoma cardiaca in timpul
chimioterapiei prin monitorizare ECG Holter de 24 de ore si analiza HRV, completate cu
ecocardiografie si biomarkeri cardiaci. Inregistririle Holter au fost efectuate in trei
etape: Tnainte de doxorubicind (T1), dupa patru doze (T2) si dupa prima doza de
ciclofosfamida (T3). HRV a fost analizata in domeniul timp si frecventa, fiind corelata cu
ritmul cardiac, conducerea electrica, repolarizarea si activitatea ectopica. Analiza
statistica a urmarit modificarile in timp si relatia cu variabilele clinice.

Rezultate: La momentul diagnosticului, majoritatea pacientilor prezentau leucocitoza,
anemie si trombocitopenie, iar 40,6% aveau NT-proBNP crescut. Ecocardiografia a
indicat o functie sistolica si diastolica in general conservate. Monitorizarea Holter a
evidentiat, dupa administrarea doxorubicinei si ciclofosfamidei, cresteri ale frecventei
cardiace si intervalului PR, precum si scaderi semnificative ale parametrilor HRV,
semnaland un dezechilibru autonom precoce. Desi aritmiile au fost in mare parte
benigne, un pacient a prezentat ectopie ventriculara semnificativa. Aceste date sustin
utilitatea HRV ca instrument de detectie timpurie a cardiotoxicitdtii subclinice in
tratamentul LAL.

Concluzii: Studiul evidentiaza o disfunctie autonoma cardiaca precoce la copiii cu LAL
tratati cu antracicline, indicata de scaderea HRV, cresterea frecventei cardiace si
prelungirea intervalului PR. Aceste modificari sugereaza o activare simpatica timpurie,
inaintea semnelor clinice de cardiotoxicitate, sustinand utilizarea HRV si ECG ca markeri
de detectie precoce.

Studiul 3. Alterari ale repolarizarii cardiace in leucemia limfoblastica acuta
pediatrica

Scop / Obiective: Studiul a urmarit identificarea semnelor ECG timpurii de
cardiotoxicitate subclinica la copiii cu LAL in timpul chimioterapiei. S-au analizat
modificarile QT/QTc, dispersia QT si variatiile segmentului ST in trei etape ale
tratamentului, evaludnd progresia repolarizarii, dinamica QT/RR, compararea
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corectiilor QTc (Bazett vs. Fridericia) si potentialul prognostic al acestor modificari
pentru riscul cardiac pe termen lung.

Material si metode: Studiul prospectiv, desfasurat pe 37 de copii cu LAL, a evaluat
modificarile timpurii ale activitatii electrice cardiace in timpul chimioterapiei, folosind
ECG standard si Holter pe 24 de ore. Au fost analizati parametri precum frecventa
cardiacg, intervalele PR si QT/QTc, dispersia QT, modificarile ST si activitatea ectopic3,
in trei etape ale tratamentului. QTc a fost calculat cu formulele Bazett si Fridericia, iar
analiza statistica a identificat modificari semnificative (p < 0,05).

Rezultate: Rezultatele au evidentiat modificari semnificative ale repolarizarii in timpul
chimioterapiei, In special prin Holter ECG. QTc s-a prelungit progresiv, mai ales cu
formula Bazett, peste 50% dintre pacienti depasind percentila 98 la T3. Dispersia
QT/QTcsi panta QT/RR au indicat perturbari ale repolarizarii si reglarii autonome. Desi
amplitudinea medie a depresiei ST a fost stabila, episoadele tranzitorii = 0,1 mV au
crescut semnificativ, afectand toti pacientii pana la T3.

Concluzii: In consecintd, acest studiu a demonstrat ca modificarile subclinice precoce
ale repolarizarii cardiace, precum prelungirea QTc, dispersia QT, alterarea QT/RR si
depresia ST, pot fi detectate eficient prin Holter ECG inca din debutul chimioterapiei la
copiii cu LAL. Aceste date sustin importanta monitorizarii ECG pentru detectarea

Studiul 4. Relatia dintre stratificarea riscului de recidiva si afectarea cardiaca
timpurie la pacientii pediatrici cu leucemie acuta limfoblastica tratati cu
doxorubicina

Scop / Obiective: Studiul a presupus ca disfunctia cardiaca subclinica precoce la copiii
cu LAL se coreleaza cu riscul de recidiva. Prin biomarkeri, ecocardiografie Doppler si
Holter ECG, s-a urmarit identificarea unei afectari cardiace mai mari la pacientii cu risc
inalt. Obiectivele au inclus corelarea acestor modificari cu severitatea bolii si evaluarea
potentialului predictiv al monitorizarii cardiace integrate.

Material si metode: Acest studiu prospectiv a inclus 46 de copii cu LAL tratati la Cluj-
Napoca (2019-2024) si a evaluat functia cardiaci la diagnostic si dupd 120 mg/m? de
doxorubicing, folosind ecocardiografie (inclusiv TDI), biomarkeri, ECG si Holter. Dupa
excluderea grupului cu risc scazut, functia cardiaca a fost comparata intre grupele cu
risc intermediar si ridicat, pentru a identifica semne precoce de cardiotoxicitate corelate
cu riscul de recidiva.

Rezultate: Rezultatele studiului au aratat ca pacientii cu risc Inalt prezentau inca de la
diagnostic anomalii cardiace, precum cresteri ale hs-troponinei, NT-proBNP si
intervalului PR. Dupa 120 mg/m? doxorubicini, doar prelungirea PR a rimas
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semnificativa. Ecocardiografia si HRV nu au evidentiat diferente, sugerand o afectare
precoce a conducerii cardiace la pacientii cu risc crescut.

Concluzii: Studiul aratd ca anomaliile cardiace subclinice sunt prezente inca de la
diagnostic la copiii cu LAL, sugerand un stres cardiac indus de boala. Pacientii cu risc
inalt au avut afectare cardiaca mai pronuntata, sustinand necesitatea evaluarii cardiace
timpurii si a investigarii mecanismelor de cardiotoxicitate legate direct de leucemie.

CONCLUZII GENERALE

Aceastd teza a evaluat functia cardiaca la copii diagnosticati cu leucemie acuta
limfoblastica (LAL), atat Tnainte de initierea chimioterapiei, cat si in primele faze ale
tratamentului, urmarind identificarea afectarii cardiace subclinice timpurii si relatia
acesteia cu severitatea bolii.

Rezultatele au evidentiat ca disfunctia cardiacd este prezentd inca de la
diagnostic, sugerand ca leucemia insdsi poate genera stres miocardic. Nivelurile
crescute de NT-proBNP si cTn s-au corelat cu incarcatura tumoralg, iar functia diastolica
evaluata prin Doppler tisular s-a dovedit mai sensibild decat parametrii clasici sistolici
(FEVS, FSVS). In plus, ecocardiografia de bazi a fost influentatd de dificultitile de
cooperare ale pacientilor mici, evidentiind nevoia unor metode complementare de
evaluare.

Pe parcursul chimioterapiei, chiar doze moderate de doxorubicini (120 mg/m?)
au dus la reducerea HRYV si aparitia dezechilibrelor autonome, accentuate de adaugarea
ciclofosfamidei. ECG-ul a aratat prelungirea progresiva a intervalului QTc, cresterea
dispersiei QT si episoade frecvente de depresie tranzitorie ST, indicand afectare
electrica precoce in absenta simptomelor clinice. Formula Bazett a cauzat
supraestimarea intervalului QTc In comparatie cu Fridericia, ceea ce evidentiaza
importanta alegerii metodei optime de corectie la copii.

In plus, pacientii din grupul cu risc inalt de recidiva au prezentat semne cardiace
subclinice mai frecvente chiar fnainte de tratament, sugerand o vulnerabilitate
cardiovasculara crescuta asociata cu severitatea bolii.

In concluzie, aceasti tezi sustine necesitatea unei monitorizari cardiace timpurii
si integrate n oncologia pediatrics, folosind ecocardiografie, biomarkeri si monitorizare
ECG (inclusiv Holter si HRV). O astfel de abordare poate contribui la prevenirea
complicatiilor cardiovasculare, imbunatatirea prognosticului pe termen lung si
cresterea calitatii vietii supravietuitorilor de leucemie pediatrica.

ORIGINALITATEA SI CONTRIBUTIILE INOVATIVE ALE
CERCETARII DOCTORALE
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In masura cunostintelor actuale, aceasti tezi se numira printre primele care
investigheaza in mod specific anomaliile cardiace prezente anterior initierii
chimioterapiei la copiii diagnosticati cu LAL. Desi literatura de specialitate ofera
numeroase date privind afectarea cardiaca in leucemia pediatrica, majoritatea studiilor
se concentreaza pe cardiotoxicitatea aparuta dupa administrarea AC, o clasa de
citostatice bine cunoscuta pentru efectele adverse asupra functiei cardiace pe termen
lung.

Una dintre contributiile originale ale acestei lucrari este evidentierea disfunctiei
cardiace subclinice Tnainte de tratament, demonstrand ca leucemia in sine poate
produce stres cardiac, independent de chimioterapie. Corelatiile semnificative dintre
NT-proBNP si parametrii hematologici (numar de leucocite, LDH, procentul de blasti),
precum si asocierea inversa intre numarul de leucocite si FEVS sustin ipoteza unei relatii
directe intre severitatea bolii si afectarea cardiaca.

Un alt element inovator al studiului este analiza HRV dupa expunerea la doze
mici de doxorubicind, care a evidentiat disfunctie autonoma precoce si un efect
cumulativ negativ al DOX si CPM asupra reglajului autonom cardiac. Aceste date,
obtinute prin monitorizare Holter ECG pe 24 de ore, subliniaza valoarea unei abordari
multimodale 1n evaluarea cardiaci, complementara investigatiilor imagistice si
serologice standard.

Totodat3, studiul ofera date relevante privind repolarizarea cardiaca in leucemia
pediatricd, un aspect putin explorat pana in prezent. S-au observat prelungiri progresive
ale intervalului QTc si modificari ale segmentului ST Inca din fazele timpurii ale
chimioterapiei. De interes particular este comparatia dintre formulele de corectie a QTc,
care a aratat ca formula Bazett tinde sd supraestimeze intervalul QTc in aceasta
populatie.

In plus, s-a constatat ci pacientii din grupa cu risc inalt de recidiva prezinti mai
frecvent, inca de la diagnostic, valori crescute ale biomarkerilor cardiaci (cTn, NT-
proBNP), frecventa cardiaca anormala si prelungirea intervalului PR, ceea ce sugereaza
o posibila legatura intre agresivitatea bolii si afectarea cardiaca precoce.

In concluzie, aceasti tezd aduce o contributie originali si valoroasi in domeniul
cardio-oncologiei pediatrice, prin investigarea functiei cardiace atat inainte, cat si in
cursul tratamentului oncologic. Rezultatele sustin necesitatea introducerii unor
protocoale de monitorizare cardiaca timpurie si sistematica in practica oncologica
pediatrica. De asemenea, aceste date ofera o baza solida pentru cercetari viitoare, cu
potential de a optimiza detectia si prevenirea cardiotoxicitatii induse de chimioterapie
si de aimbunatati calitatea vietii pe termen lung a supravietuitorilor de cancer pediatric.
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INTRODUCTION

Chemotherapy-induced cardiac dysfunction has become a significant long-term
health concern among childhood cancer survivors, particularly because of the
cardiotoxic effects of anthracyclines (AC), key agents in the treatment of pediatric acute
lymphoblastic leukemia (ALL). ALL is the most common pediatric malignancy, with
survival rates rising dramatically over the past decades from around 50% in the 1970s
to nearly 90% nowadays. This caused a shift in attention toward the management of the
long-term effects of treatment.

AC are well-known to cause irreversible cardiac damage most often leading to
congestive heart failure (CHF), with a poor prognosis. Emerging evidence suggests that
cardiac stress might occur even before chemotherapy begins, possibly because of
systemic effects of malignancy itself. However, despite increasing awareness, the early
effects of leukemia and its treatment on cardiac function, remain under-investigated.

Therefore, our research intends to explore early cardiac alterations in children
diagnosed with ALL, by evaluating changes in serum cardiac biomarkers, ECG and Holter
ECG parameters, and echocardiographic indexes, both at diagnosis, as well as during the
early treatment stages. It uniquely explores the relationship between early cardiac
dysfunction, leukemia severity, and relapse risk, aiming to inform risk-adapted
surveillance and guide the development of individualized cardioprotective strategies in
pediatric oncology.
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CURRENT STATE OF KNOWLEDGE

Acute lymphoblastic leukemia (ALL) is the most common childhood cancer, with
survival rates exceeding 85% due to improved diagnosis and treatment. However, long-
term complications such as chemotherapy-induced cardiotoxicity have become a
growing concern. AC like doxorubicin, though highly effective, carry a significant risk of
dose-dependent, cumulative, and often irreversible heart damage, which can manifest
years later as heart failure and reduced life expectancy.

Children are especially vulnerable to cardiotoxicity due to immature heart tissue,
weak antioxidant defenses, and longer life expectancy. While higher anthracycline doses
increase risk, heart damage can also occur at lower doses in genetically susceptible
individuals. Childhood cancer survivors face significantly higher risks of heart failure
and cardiac-related death, and evidence suggests that cardiac dysfunction may begin
even before chemotherapy, indicating a potential direct impact of leukemia on the heart.

Despite growing awareness, pediatric cardio-oncology still lacks standardized
protocols for cardiovascular risk assessment at diagnosis. Unlike adult guidelines,
pediatric care often focuses only on post-treatment monitoring. Current detection
methods include echocardiography, ECG, and cardiac biomarkers like high-sensitivity
troponins and NT-proBNP. Emerging markers such as microRNAs show potential for
early detection but need further validation in children.

The lack of age-adjusted reference values and pediatric-specific monitoring
intervals remains a key barrier to effective risk stratification and early intervention.
Tools like the IGHG (International Late Effects of Childhood Cancer Guideline
Harmonization Group) risk categories and Delphi consensus guidelines mark progress
but focus mainly on post-treatment follow-up. Promising cardioprotective agents like
dexrazoxane and ACE inhibitors require further validation through large-scale pediatric
studies to confirm long-term safety and effectiveness.

In conclusion, chemotherapy-induced cardiotoxicity is an emerging challenge in
pediatric oncology. With the increasing population of childhood leukemia survivors, it
is essential to move toward more standardized and proactive cardiovascular risk
assessment and monitoring strategies. Early identification of patients at risk, integration
of novel biomarkers, and development of tailored protective interventions will be key
to reducing long-term cardiac complications and preserving the quality of life in
pediatric cancer survivors.

PERSONAL CONTRIBUTION

This chapter presents four studies conducted as part of the PhD thesis. The first
one was a retrospective study of ALL and AML patients diagnosed between March 2014
and March 2016. The other three were prospective studies conducted over five years,
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ethically approved (470/19.12.2018), and in line with the principles of the Declaration
of Helsinki. Blood samples were collected at diagnosis and during early chemotherapy
from all newly diagnosed ALL patients.

This research resulted in the publication of five Web of Science-SCIE indexed
articles: four in Q2 journals with impact factors of 3.464, 3.464, 3.0, and 2.0, and one in
a Q4 journal with an impact factor of 1.397. Additionally, a sixth article is currently
under revision in a Q2 Springer-Nature journal with an impact factor of 3.0.

Study 1: Pre-chemotherapy cardiac profiling in children with acute leukemia:
insights from echocardiography and cardiac biomarkers

Hypothesis and objectives: This study evaluated baseline cardiac function in children
diagnosed with acute leukemia, using echocardiography and biomarkers to detect
subclinical heart dysfunction before chemotherapy. We hypothesize that early cardiac
changes may result from leukemia-related factors such as leukemic infiltration and
inflammation. Our goal is to provide preliminary evidence for an integrated imaging-
biomarker approach to guide early risk stratification and personalized cardio-oncology
care.

Materials and methods: This retrospective study included 35 pediatric patients with
ALL or AML treated in Cluj-Napoca between 2014 and 2016. Prior to chemotherapy, all
underwent baseline assessments, such as hematologic tests, echocardiography, and
cardiac biomarkers, to detect subclinical cardiac dysfunction. Echocardiography
evaluated systolic and diastolic function using age-adjusted values and tissue Doppler
imaging. Data were analyzed statistically, with significance defined as p < 0.05.

Results: Our results emphasized that many patients had elevated cardiac biomarkers
and subtle echocardiographic changes before starting chemotherapy. NT-proBNP levels
correlated with leukocyte counts, LDH, and blast percentage, while lower LVEF was
linked to higher leukocyte and NT-proBNP levels. The diastolic function also showed
associations with biomarkers, indicating subclinical cardiac stress related to leukemia
burden at diagnosis.

Conclusions: This study emphasizes the need for early cardiac monitoring in pediatric
leukemia patients, revealing that subclinical cardiac dysfunction may occur before
chemotherapy. Correlations between blast load and NT-proBNP, and between E/e’ and
blast count, suggest leukemia-related myocardial stress. Combining echocardiographic
measures with biomarkers enhances early detection, supporting the use of
cardioprotective strategies from diagnosis. Larger prospective studies are needed to
validate these findings and improve long-term cardiac care.

Study 2. Mid-treatment heart rate variability changes in pediatric leukemia:
insights into early autonomic impairment
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Hypothesis and objectives: We investigated heart rate variability (HRV) as a non-
invasive early marker of subclinical cardiotoxicity in children with ALL receiving
anthracycline-based chemotherapy. HRV was assessed alongside cardiac biomarkers,
echocardiography, and Holter ECG before treatment, after half the cumulative DOX dose,
and following the first dose of CPM. The study also explored correlations between HRV,
biomarkers (NT-proBNP, hs-cTn), and echocardiographic changes to evaluate HRV’s
potential for early cardiotoxicity detection and personalized cardiac risk stratification
in pediatric leukemia care.

Materials and methods: This prospective observational study enrolled 35 children
with newly diagnosed ALL in Cluj-Napoca between 2019 and 2023. Autonomic cardiac
function was monitored during early chemotherapy using serial 24-hour Holter ECGs
and HRV analysis, along with echocardiography and cardiac biomarkers. Recordings
were performed at three key time points: before DOX (T1), after four doses (T2), and
after the first CPM dose (T3). HRV was assessed in time and frequency domains,
alongside evaluations of rhythm, conduction, repolarization, and ectopic activity.
Statistical analysis examined temporal changes and correlations with clinical
parameters.

Results: At diagnosis, many patient showed hematologic abnormalities, and 40.6% had
elevated NT-proBNP. While baseline echocardiography showed preserved LVEF and
mostly normal diastolic function, serial Holter ECGs revealed increased heart rate,
prolonged PR intervals, and significant HRV reductions after doxorubicin and
cyclophosphamide, indicating early autonomic dysfunction. Most arrhythmias were
benign, but one case of significant ventricular ectopy was noted. These results highlight
HRV monitoring as a useful tool for detecting early subclinical cardiotoxicity in pediatric
ALL.

Conclusions: This study demonstrates early cardiac autonomic dysfunction in pediatric
leukemia patients receiving AC-based chemotherapy. This is demonstrated by by
reduced HRV, increased heart rate, and prolonged PR intervals, indicating early
sympathetic dominance. Both doxorubicin and cyclophosphamide contributed to these
changes. The findings support HRV and ECG parameters as early markers of
cardiotoxicity and highlight the need for continuous cardiac monitoring to guide timely
prevention strategies.

Study 3. Cardiac repolarization changes in children undergoing treatment for
acute lymphoblastic leukemia

Hypothesis and objectives: This study aimed to early ECG signs of subclinical
cardiotoxicity in pediatric ALL patients during initial chemotherapy. It focused on
changes in QT/QTc intervals, QT dispersion, and ST segment patterns across three
treatment stages. Key objectives included tracking repolarization changes, analyzing
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QT/RR slope dynamics, comparing QTc correction formulas (Bazett vs. Fridericia), and
evaluating the prognostic value of early ECG abnormalities for long-term cardiac risk.

Materials and methods: This prospective study of 37 pediatric ALL patients evaluated
early chemotherapy-induced changes in cardiac electrical activity using 12-lead ECG
and serial 24-hour Holter monitoring. Key parameters—including heart rate, PR and
QT/QTc intervals, dispersion, ST changes, and ectopic activity—were assessed at three
treatment points. QTc was calculated using Bazett and Fridericia formulas, with
statistical analysis identifying significant trends (p<0.05).

Results: Early chemotherapy was associated with significant changes in cardiac
repolarization, detected via 24-hour Holter ECG. QTc prolongation, particularly with
Bazett correction, increased over time, with more than half of patients exceeding the
98th percentile by T3. QT and QTc dispersion also rose, indicating increased
repolarization heterogeneity, while QT/RR slope analysis showed disrupted autonomic
control. Although average ST depression amplitude stayed stable, the frequency of
transient ST depressions = 01 mV increased significantly, affecting all patients by T3.

Conclusions: This study reveals that early, subclinical changes in cardiac
repolarization—such as QTc prolongation, increased dispersion, altered QT/RR
dynamics, and transient ST depression—are detectable via Holter ECG in pediatric ALL
patients during initial chemotherapy. These findings highlight the value of continuous
ECG monitoring for early detection of cardiotoxicity and guiding long-term cardiac care.

Study 4. Impact of relapse risk stratification on early cardiac dysfunction in
pediatric acute lymphoblastic leukemia patients treated with doxorubicin

Hypothesis and objectives: We hypothesize that early subclinical cardiac dysfunction
in pediatric ALL patients correlates with relapse risk classification before treatment
divergence. Using cardiac biomarkers, TDI echocardiography, and Holter ECG up to
120 mg/m? of DOY, it aims to identify greater early cardiac injury in higher-risk groups.
Objectives include linking cardiac changes to disease burden, comparing biomarker
trends across risk levels, analyzing early ECG abnormalities, and assessing the predictive
value of integrated cardiac monitoring for risk-adapted follow-up.

Materials and methods: This prospective study included 46 pediatric ALL patients
treated in Cluj-Napoca between 2019 and 2024. Cardiac function was evaluated at
diagnosis and after 120 mg/m? of DOX using echocardiography (with TDI), cardiac
biomarkers, standard ECG, and 24-hour Holter monitoring. Patients were later stratified
by relapse risk, with low-risk cases excluded. The study compared early cardiac changes
between intermediate- and high-risk groups to identify early signs of cardiotoxicity and
their potential link to relapse risk.
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Results: Results demonstrated that high-risk group (HRG) patients exhibited more
frequent baseline cardiac abnormalities, such as elevated hs-Troponin, NT-proBNP,
abnormal heart rate, and prolonged PR intervals, compared to the intermediate-risk
group (IRG). After 120 mg/m? of doxorubicin, PR interval abnormalities remained
significantly more common in the HRG, while echocardiographic and HRV differences
were not significant. These findings suggest early cardiac conduction changes are more
pronounced in high-risk patients, even before intensified treatment begins.

Conclusions: This study demonstrates that cardiac abnormalities—elevated
biomarkers, ECG changes, and subclinical dysfunction—are present at diagnosis in
pediatric ALL patients, suggesting that leukemia itself may contribute to early cardiac
stress. High-risk patients showed more pronounced alterations, possibly linked to
disease severity or inflammation. These findings emphasize the need for early cardiac
evaluation and further research into cancer-related cardiotoxicity and prevention
strategies in pediatric oncology.

GENERAL CONCLUSIONS

This thesis sought to investigate cardiac function in pediatric patients diagnosed
with ALL, both before the onset of chemotherapy, as well as during the early treatment
phases. By doing this, we not only evaluated the early impact of chemotherapy on
cardiac function but also investigated the bi-directional relationship between leukemia
and heart disease.

To begin with, our findings demonstrated that pediatric ALL patients already
exhibit subclinical cardiac dysfunction at diagnosis, before chemotherapy begins.
Elevated NT-proBNP levels correlated with markers of leukemic burden, and higher
leukocyte counts were linked to reduced LVEF. Diastolic function assessed by TDI
proved more sensitive than systolic measures in detecting early cardiac changes.
Additionally, transient abnormal filling patterns were noted, reflecting the challenges of
accurate echocardiographic assessment in newly diagnosed pediatric patients due to
anxiety and limited cooperation.

Next, our findings indicate that even a low cumulative dose of DOX (120 mg/m?)
significantly impairs cardiac autonomic nervous system (ANS) function, evidenced by
reduced HRV parameters. This effect intensifies with the addition of CPM, suggesting
cumulative effects on cardiac autonomic regulation. Given the subclinical nature of these
changes, consistent HRV monitoring during chemotherapy is crucial.

Additionally, early AC treatment was linked to progressive QTc prolongation,
increased repolarization heterogeneity, and disrupted autonomic modulation. QTc
overestimation was more pronounced when using the Bazett correction formula,
underscoring the need for caution in pediatric assessments. Nearly all patients
developed ST segment depression by the end of early treatment, possibly indicating
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significant myocardial strain despite normal clinical or echocardiographic findings.
These results reinforce the need for early and proactive ECG surveillance in pediatric
oncology care.

Lastly, our studies identified a higher prevalence of altered cardiac function
parameters in HRG pediatric ALL patients, even before chemotherapy began. These
children, with more aggressive disease, more frequently presented with elevated cTn
and NT-proBNP levels, abnormal heart rates, and prolonged PR intervals.

In conclusion, our findings show that children with ALL, particularly those in the
HRG, commence treatment with a more fragile cardiovascular profile. We emphasized
the value of early and proactive cardiac surveillance in pediatric oncology by
demonstrating subclinical changes in cardiac biomarkers, HRV, PR, and QTc intervals.
Implementing such monitoring strategies could improve long-term cardiovascular
outcomes, reduce treatment-related complications, and ultimately enhance the quality
of life for pediatric leukemia survivors.

THESIS ORIGINALITY AND CONTRIBUTIONS TO THE
FIELD

To the best of our knowledge, this thesis is among the first to specifically examine
cardiac abnormalities present before the initiation of chemotherapy in children newly
diagnosed with ALL. There is substantial research exploring cardiac function in pediatric
leukemia patients, however, most of these studies have focused on cardiotoxic effects
occurring after the administration of AC, a class of chemotherapeutic agents known for
their potential to cause long-term cardiac damage.

One of the novel findings of our research is the exposure of subclinical cardiac
abnormalities in ALL pediatric patients before beginning chemotherapy. This result
challenges the conventional focus on chemotherapy-induced cardiac dysfunction, by
demonstrating that cancer itself can adversely affect cardiac function. The correlation
between NT-proBNP levels and hematological parameters, along with the negative
association between leukocyte count and LVEF, present convincing arguments for the
complex relationship between leukemia and cardiac function.

Another novel approach is represented by the analysis of HRV following low-dose
DOX exposure in pediatric ALL patients. We detected strong evidence of early cardiac
ANS dysregulation during chemotherapy and described a cumulative impact of DOX and
CPM therapy on HRV parameters. These results, obtained via non-invasive ECG Holter
monitoring, underscores the importance of multimodal assessment of pediatric cancer
patients, beyond standard imaging and biomarker evaluations.

What is more, this study is among the first to evaluate repolarization patterns in
children with leukemia. Our results highlight the increased prevalence of early and
progressive QTc prolongations and ST segment changes during the early stages of
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chemotherapy. Of novelty is also the comparison between QT interval correction
formulas in this oncologic cohort, emphasizing the overestimation of QTc length when
using the Bazett method.

Lastly, an important original finding is the connection between relapse risk
groups, particularly the HRG, and early cardiac biomarker alterations, abnormal HR
values, and increased PR interval. These results support the hypothesis that tumor
burden and disease aggressiveness may independently contribute to cardiovascular
stress, even before chemotherapy begins.

In conclusion, this work represents an original and comprehensive contribution
to the area of cardio-oncology, offering an in-depth analysis of cardiac function in
children diagnosed with ALL, both before chemotherapy and during the early phases of
treatment. Our research underscores the necessity for early and systematic cardiac
monitoring protocols in pediatric oncology. Also, the results obtained provide a solid
foundation for future research and clinical applications, with the goal of improving the
detection and management of AC-induced cardiac toxicity and therefore enhancing the
quality of life of childhood cancer survivors.



