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Abstract: Anthracycline treatments are known to cause cardiotoxic long-term side effects in cancer
survivors. Recently, a decrease in heart rate variability (HRV) has been identified in these patients,
signaling autonomic dysfunction and altered cardiac fitness. This study aimed at evaluating changes in
HRYV in children treated with anthracyclines. A total of 35 pediatric patients with acute lymphoblastic
leukemia were evaluated by means of a 24 h Holter ECG, at baseline and after reaching half the total
cumulative dose of doxorubicin equivalent (120 mg/ m?). Parameters of HRV were assessed, as well as
any arrhythmic episodes, bradycardia and tachycardia percentages. The results showed a significant
decrease in both time-domain and frequency-domain HRV parameters, following anthracycline
treatment. The low-frequency (LF) to high-frequency (HF) parameters’ ratio also displayed a significant
difference (p = 0.035), suggestive of early cardiac autonomic dysfunction. Of note, none of the
patients presented symptoms of heart disease or elevated troponins, and only two patients presented
echocardiographic signs of diastolic dysfunction. The present study showed that cardiac autonomic
nervous system regulation is compromised in children treated with anthracyclines even before reaching
the total cumulative dose. Therefore, HRV parameters could be the first indicators of subclinical cardiac
toxicity, making Holter ECG monitoring of the oncological patient a necessity.

Keywords: cardiotoxicity; heart rate variability; childhood cancer; early cardiac dysfunction

1. Introduction

Malignancies are a leading cause of pediatric disease-related deaths worldwide, with
acute lymphoblastic leukemia (ALL) being one of the most frequent diagnoses (up to 80%
of acute leukemias [1]) encountered in this age group. Due to the continuous research in
the field, pediatric ALL cure rates have recently surpassed 90% [2], with a similar progress
in event-free and overall 5-year survival rates (of more than 80%). Current treatment
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strategies include a very thorough patient risk stratification and treatment accordingly,
with anthracyclines being one of the main treatment pillars [3].

Unfortunately, anthracyclines, particularly doxorubicin, have become well known
for their cardiotoxic side effects, which are proportional to the total cumulative dose and
treatment-free interval [4-6]. More than half the survivors of childhood ALL develop
significant comorbidities following their oncologic treatment, with cardiac disease being
one of the main long-term side effects observed [7]. Up until now, studies have focused
mostly on identifying reliable cardiac biomarkers or echocardiographic parameters (7)
to facilitate the detection of subclinical cardiac damage in the oncologic patient. Thus,
it is known that cardiac troponins I and T and NT-proBNP are essential biomarkers to
be determined during the treatment and follow-up of an oncologic patient [8,9]. Serial
echocardiographic evaluations of the systolic and diastolic functions are recommended
for patients undergoing oncological treatments. Recently, tissue Doppler imaging (TDI)
and global longitudinal strain (GLS) have emerged as great tools in detecting subclinical
diastolic disfunction induced by chemotherapeutic agents [10,11]. Also, ECG monitoring
is constantly needed, as arrhythmias and even acute life-threatening events have been
reported to occur even from the beginning of the oncologic treatment [12,13]. What is more,
recent studies have shown that cardiotoxicity can also present itself as an alteration in
cardiac autonomic function, even shortly after treatment completion [14,15].

In recent years, heart rate variability (HRV), evaluated by means of Holter ECG, has
proven to be an important indicator of autonomic cardiac activity, thus revealing subtle
subclinical cardiac function changes [16]. Of note, this alteration in HRV has been detected
in asymptomatic patients before any changes in echocardiographic parameters [16,17].
As a consequence, HRV parameters have been proposed as a useful tool for identifying
cardiac patients at risk of further developing lethal arrythmias [18-20]. What is more,
a reduction in HRV has been described in various pathologic conditions such as dia-
betes [21,22], postmyocardial infarction [19,23-25], after cardiac transplantation [26,27],
and various other neurologic [28] or endocrinologic [29] conditions, being considered a
negative prognostic marker.

We further present the main findings from a series of pivotal studies on the wide
application spectrum of HRV as a useful tool in the pediatric population. To begin with,
cardiac autonomic dysfunction has been identified in children with cerebral palsy, with
patients presenting a higher resting heart rate (HR) and a reduced HRV as compared to
healthy children. Recently, Letzkus et al. have created a prediction model for cerebral
palsy risk in premature infants, using HRV parameters from the early neonatal period.
Their model, which exhibited an 85.3% predictability for the development of cerebral
palsy, combined clinical features with HRV parameters (obtained at 1 week postpartum
and 37 gestational weeks) [30]. HRV has also been intensely studied in adult patients
with psychiatric disorders. Latest studies have also shown a decrease in the majority of
HRYV parameters in pediatric patients suffering from major depressive disorders. What is
more, it was proven that depression-induced autonomic dysfunction was more detectable
and substantial in children as compared to adult patients [31]. New studies even suggest
the use of HRV parameters as biomarkers for depression in children/adolescents [32].
Moreover, altered HRV profiles have been detected in children suffering from autism
spectrum disorders [33], as well as attention-deficit/hyperactivity disorder [34]. HRV has
been evaluated in obese children, to estimate the benefit of chronic exercise exposure in
these patients. A meta-analysis by Dias et al. showed that persistent exposure to exercise
increased HRV in children affected by obesity, therefore enhancing the parasympathetic
activity and sympatho-vagal balance [35]. What is more, in children with asthma, decreased
HRV has been noticed, without correlation to disease severity or disease control [36,37]. As
for pediatric cardiac disease, it has been proposed that HRV parameters could predict risk
for ventricular arrhythmia development in children with viral myocarditis [38]. Last but
not least, a decreased HRV has been associated with a poor outcome in children with acute
heart failure [39].
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Up to date, there are only a few studies to evaluate anthracycline-induced cardiotoxic-
ity by means of 24 h Holter ECG, and current data are even more scarce in the pediatric
population. It has previously been shown that doxorubicin has a negative impact on
the cardiac autonomic nervous system, thus confirming its pro-arrhythmogenic and car-
diotoxic effects [16]. Therefore, in this study, we aim to identify important indicators of
anthracycline-induced cardiac toxicity by means of a 24 h Holter ECG in children with ALL
treated with anthracycline-including protocols.

2. Materials and Methods

We present a single-center (Pediatric Clinic number 2, Emergency Children’s Hospital,
Cluj-Napoca, Romania), investigator-driven, prospective observational study, aiming to
document the pro-arrhythmogenic effects and cardiac autonomic nervous system (ANS)
functioning, following anthracycline treatment in children with ALL. The objective of this
study was to record the immediate and intermediate effects of anthracycline administration
on heart rate variability. We obtained written informed consent from each patient and par-
ent/legal guardian. Our study protocol was conducted in accordance with the Declaration
of Helsinki and was approved by the University of Medicine and the Pharmacy “Iuliu
Hatieganu” Clinical Research Ethics Committee.

In accordance with our study protocol, 35 consecutive patients were included in this
study. The eligible participants were less than 18 years old at diagnosis, with a positive
diagnosis of acute lymphoblastic leukemia and no history of prior heart disease. All
patients were treated according to the ALL IC-BFM 2009 protocol [40], which includes
anthracycline, cyclophosphamide, and methotrexate administration. Enrollment started in
July 2019 and ended in July 2023, with follow-up of patients still ongoing.

Patients who presented with a history of chest radiotherapy, a left ventricular ejection
fraction (LVEF) under 50% before starting chemotherapy, or a history of other potentially
cardiotoxic treatments were excluded from our study. Every patient had a complete baseline
evaluation, including bedside ECG, echocardiography, and bloodwork (complete blood
count, high-sensitivity C-reactive protein—hsCRP, lactate dehydrogenase—LDH), as well
as the cardiac biomarkers NT-proBNP and high-sensitivity troponin (hsTroponin).

2.1. Holter ECG

All children included in this study were evaluated with a bedside ECG before starting
chemotherapy. Further on, to study the cardiac ANS, we performed serial Holter ECG mon-
itoring during chemotherapy administration as follows: at the beginning of chemotherapy
(the 8th day of the ALL IC-BFM 2009 protocol, before the first dose of doxorubicin equiva-
lent) and after reaching a cumulative dose of over 120 mg/m? of doxorubicin equivalent,
which represents half of the total dose received per patient (day 33 of the ALL IC-BFM 2009
protocol, the end of the first anthracycline-including protocol). It is to be mentioned that
the exact timeframe in between evaluations varied from patient to patient, as each had
treatment delays throughout their chemotherapy protocol. What is more, the children will
be re-evaluated for mid-term pro-arrhythmogenic effects during their follow-up visit on
the completion of 1 year of treatment.

The 24 h, 12-lead Holter ECG recordings were obtained using a BTL HOLTER. We
extracted and analyzed the signal using the BTL Cardiopoint Holter H600 software. To
begin with, all recordings were manually cleared of artifacts; then, all ectopic beats and
arrhythmias were determined. The following data were obtained and analyzed: heart
rate (HR), PR and QTc (corrected using the Bazett formula [41]) intervals, the percentage
of tachycardia and/or bradycardia episodes, and also the presence and percentage of
ventricular and supraventricular extrasystoles.

In regard to the parameters of HRV, we evaluated frequency-domain parameters such
as low-frequency (LF) and high-frequency (HF) ranges, which have been shown to corelate
with cardiac ANS functioning [18]. In addition, the LF/HF ratio was calculated. The
time-domain parameters evaluated included the standard deviation of all normal sinus
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RR intervals over 24 h (SDNN), the standard deviation of the average normal sinus RR
intervals for all 5 min segments (SDANN), the root mean square of the successive normal
sinus RR interval difference (rMSSD), and the percentage of successive normal sinus RR
intervals over 50 milliseconds (pNN50).

This study’s primary endpoint was cardiac ANS dysfunction, assessed through HRV
parameters. The secondary endpoints were represented by the detection of arrhythmic
episodes, bradycardia and tachycardia percentages, heart rate, PR interval, and QTc interval.

2.2. Statistical Analysis

The main characteristics of the population under study were analyzed using Microsoft
Excel 2019; then, a chi-square test for associations was performed. The clinical character-
istics and heart rate variability were reported as mean + standard deviation (sd). The
two-sample paired t-test was used to determine the p-values corresponding to treatment-
related changes for the clinical features and heart rate variability. The Pearson correlation
coefficients (r) and accompanying p-values were determined. The calculated p-values were
two-sided, and a p-value less than 0.05 was considered statistically significant.

3. Results

The present study enrolled 35 consecutive children diagnosed with ALL (mean age at
diagnosis 5.97 & 3.76 years), most of them belonging to the 3-6-year-old age group. There
were slightly more boys than girls, with an almost equal urban-rural distribution. All
patient characteristics are presented in Table 1.

Table 1. Patient characteristics.

Mean + SD n (%)
Age at diagnosis (years) 597 +£3.76
1-3 years 8 (22.86%)
3-6 years 13 (37.14%)
6-10 years 9 (25.71%)
10-18 years 5 (14.29%)
Gender
Boys 18 (51.43%)
Girls 17 (48.57%)
Weight (kg) 23.02 + 13.46
Height (m) 115.5 £+ 26.09
Body mass index (kg/mz) 15.84 +2.18
underweight 12 (34.29%)
normal 19 (54.29%)
overweight 3 (8.57%)
obese 2 (2.86%)

Three patients died from sepsis and respiratory failure during our study, and two
patients continued their treatment abroad. Of note, the selected patients had no pre-existing
disease, nor had they followed any chronic treatment before starting chemotherapy.

The main baseline biologic, echocardiographic, and ECG parameters are summarized
in Table 2.
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Table 2. Baseline characteristics.

Parameter Mean =+ Standard Deviation

Baseline laboratory parameters

Leukocytes (cells/ mm?) 54,002.42 4+ 93,197.84
Hemoglobin (g/dL) 7.23 +2.81
Thrombocytes (cells/ mm?3) 58,912.82 4+ 80,779.52
LDH (U/L) 846.48 + 1632.77
hsCRP (mg/dL) 5.13 +£15.24
NT-proBNP (pg/mL) 597.06 + 952.46
hsTroponin (ng/L) 371+21
Baseline ECG
HR (bpm) 95.88 + 26.59
PR interval (ms) 122.96 + 20.27
QTc interval (ms) 428.46 £+ 39.93
Baseline echocardiography
LVEF (%) 67.68 £ 6.64
LVSF (%) 36.33 £ 5.77
E/A 1.85 £ 0.27
E/E 7.37 £2.63

Regarding the baseline biologic evaluation, most of the patients presented with leuko-
cytosis (75.76%), anemia (87.87%), and thrombocytopenia (90.9%). It is to be noted that
some presented with values higher than 50,000 leukocytes/mm? (21.21%), some with se-
vere anemia with hemoglobin values lower than 7 g/dL (39.39%), and a lot of patients
with severe thrombocytopenia with thrombocyte values under 30,000/ mm? (45.45%). A
big percentage of our patients (42.42%) presented with hsCRP within the normal range
(<1 mg/dL), but amongst the ones with increased hsCRP, the majority (58%) presented
values above 3 mg/dL.

The baseline evaluation also revealed that a big percentage of our patients (40.63%)
exhibited a reacted NT-proBNP before the onset of chemotherapy, whereas none presented
elevated troponin values at diagnosis. The baseline NT-proBNP values showed a moderate
positively correlation (Figure 1) with the baseline leukocyte values (r Pearson coefficient
0.66, p < 0.001). Evaluation of the cardiac biomarkers after reaching half the total cumulative
dose of anthracycline revealed a statistically significant increase in hsTroponin values (mean
=+ standard deviation = 9.23 £ 9.62; p-value = 0.007). However, the obtained values do
not surpass our laboratory cutoff limit (14 ng/L); therefore, they cannot be interpreted
as pathological. Also, the NT-proBNP values did not change significantly at the second
evaluation (mean =+ standard deviation = 629.81 + 956.99; p-value = 0.06).

The baseline bedside ECG evaluation detected 11.54% of patients with resting HR
above the 98th percentile for age and sex, with only 3.85% of patients presenting with
values below the second percentile for age and sex. Moreover, none of our patients had an
increased PR interval at diagnosis, but almost 35% of them had QTc interval values outside
the reference range for age and sex.
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Figure 1. Correlation between NT-proBNP and leucocyte values at diagnosis.

As for the initial echocardiographic evaluation, an LVEF under 60% (but over 50%) at
diagnosis was described in only two patients. Regarding the TDI evaluation of diastolic
function, 69.57% of patients presented E/A values within the 10th-90th percentile for
age, while only 17.39% of patients presented E/E’ values corresponding to the 10th-90th
percentile interval for age. However, E/A values indicative of a restrictive LV filling pat-
tern and a pseudo-normal LV filling pattern were reported for only two and one patient,
respectively. Regarding the E/E' ratio, there were no patients with E/E’ values higher
than the adult cutoff limit suggestive of increased LV filling pressures. The second echocar-
diographic evaluation performed after reaching 120 mg/m? of doxorubicin equivalent
did not reveal statistically or clinically significant changes from the baseline. There were
no significant alterations in diastolic or systolic functions, no kinetic modifications or
volume changes.

The 24 h ambulatory ECG monitoring was performed at the beginning of chemother-
apy(baseline) and after half of the total cumulative dose of doxorubicin equivalent (120 mg/m?),
with the main findings being summarized in Table 3.

Table 3. Changes in Holter ECG parameters after half the total cumulative dose of anthracycline.

Parameter Baseline After 120 mg/m? of Doxorubicin Equivalent p-Value
HR 87.28 £13.8 103.2 +21.8 <0.001
Tachycardia (%) 7.79 £11.96 15.44 +22.26 0.19
Bradycardia (%) 30.07 £ 26.57 18.77 + 22.56 0.011
PR interval (ms) 12128 +£19.3 135.58 +17.14 0.012
QTc (ms) 458.62 £ 73.6 442 + 27.56 0.61
Time-domain parameters
SDNN (ms) 157.66 + 49.37 114.95 £ 54.63 0.002
SDANN (ms) 125.48 4= 43.12 97.7 £ 47.61 0.007
rMSSD (ms) 109.76 + 51.8 63.85 £ 42.35 0.003
PNN50 (%) 36.65 1= 18.87 17.84 £+ 16.96 <0.001
Frequency-domain parameters
LF (ms) 047 £0.15 0.34 £0.15 0.019
HF (ms) 0.8 £0.35 0.51 +0.31 0.018
LE/HF ratio 0.65 £0.2 0.82 £0.32 0.036

Data are shown as mean =+ standard deviation. Bolded p values (p<0.05) are representative of statistical significant
changes. HRV = heart rate variability; ALL = acute lymphoblastic leukemia SDNN = standard deviation of all
normal sinus RR intervals over 24 h; SDANN = standard deviation of the average normal sinus RR intervals
for all 5 min segments over 24 h; rMSSD = root mean square of the successive normal sinus RR interval differ-
ence; pPNN50 = percentage of successive normal sinus RR intervals over 50 milliseconds; LF = low frequency;
HF = high frequency.
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When comparing the two datasets, a statistically significant increase in heart rate
(p < 0.001), as well a statistically significant reduction in bradycardia percentage (p = 0.011),
was observed. Of note, the PR interval significantly increased (p = 0.012); however, no
AV blocks, sinus pauses, or significant arrythmias were identified. Also, the QTc interval
values did not vary significantly amongst examinations.

Regarding the HRV parameters, statistically significant changes were detected both in
the time-domain and the frequency-domain evaluated parameters. The results indicated a
meaningful (p < 0.05) reduction in all the time-domain variables (SDANN, SDANN, rMSSD,
and pNN50), after reaching 120 mg/m? of doxorubicin equivalent, as compared to the
baseline. The same was noted for the frequency-domain characteristics determined (LF,
HF), with similar statistically significantly (p < 0.05) lower values after reaching half the
total cumulative dose as compared to the baseline evaluation. The LF/HF ratio showed a
statistically significant increase in values following chemotherapy administration.

There were no clinically significant arrhythmia episodes, nor did the incidence of supraven-
tricular or ventricular extrasystoles vary statistically significant amongst examinations.

4. Discussion

This study investigated the effects of anthracycline treatments on cardiac function,
particularly the cardiac autonomic system, by means of 24 h Holter ECG evaluations. It is
to be noted that there are currently only limited data derived from few studies regarding
the HRYV effects of anthracycline treatment in children [16,22].

Regarding the baseline evaluation of our patients, we validated (r = 0.66, p < 0.001)
the results obtained in a previous study [42], in which we identified a positive linear
correlation between leukocyte values at diagnosis and NT-proBNP values. Therefore, we
once again indulged the hypothesis that even before treatment, cardiac function is slightly
influenced by either direct infiltration of malignant clones in the cardiac tissue or by the
overall pro-inflammatory state of the oncologic patient. HsCRP values are universally
used to evaluate patients” inflammatory status. What is more, a value of over 3 mg/dL
has been shown to correlate with an increased risk of acute cardiac events, particularly
sudden cardiac death [43]. Therefore, even though oncologic patients are known to exhibit
a pro-inflammatory status, it is important to periodically monitor their hsCRP values and
to correlate these values with the cardiac function.

Doxorubicin has been shown to increase sympathetic activity shortly after adminis-
tration, thus correlating with the increased acute pro-arrhythmogenic risk identified in
some studies [12]. Life-threatening arrhythmias are, however, extremely rare, with most
studies reporting an increase in supraventricular tachycardia incidence and a prolonged
QT interval following treatment [13,44]. In our study, the number of supraventricular or
ventricular extrasystoles occurring after the first anthracycline-including protocol (corre-
sponding to half the total cumulative dose) was within the reference range for age. What
is more, there was no statistically significant QT prolongation, although a big percentage
of patients had QTc values that were above the reference range for age and sex at their
baseline ECG evaluation.

However, it is to be noted that these results were obtained after only half of the
total cumulative dose given per patient. Another Holter ECG evaluation is required after
reaching the total cumulative dose (240 mg/m?—according to the ALL IC BFM 2009
protocol). As shown in previous studies, HRV deterioration continued to persist until the
end of chemotherapy, even without significant echocardiographic changes. Stachowiak
et al. noticed in their study a correlation between increasing NT-proBNP values throughout
chemotherapy and decreasing HRV [14]. In our study, however, the NT-proBNP values did
not correlate with the HRV parameters. We expect that, after chemotherapy cessation, the
HRYV parameters will continue to decrease, and a correlation with the NT-proBNP values
will be re-evaluated at the end of the oncologic treatment.

As has been demonstrated, heart rate variability reflects the autonomic cardiac function [18],
with more and more studies emphasizing the important prognostic value of HRV parameters
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in various cardiac pathologies. Zeid et al. demonstrated that a decrease in HRV parameters
(particularly nonlinear power spectral density parameters) was the strongest, independent mor-
tality predictor in patients with heart failure [45]. Also, in patients with myocardial infarction,
depressed HRV parameters have been shown to be a powerful tool in predicting mortality and
arrhythmic complications [23,24]. Recent studies on anthracycline’s effects on HRV have shown
a decrease in all HRV parameters following treatment, which does not seem to improve with
time from treatment cessation [14,16]. Also, in vivo studies on rodents confirmed the negative
impact doxorubicin has on the cardiac ANS [46]. What is more, Caru et al. demonstrated the
protective effects of dexrazoxane on cardiac ANS functioning after high-dose anthracycline
treatment, thus emphasizing the importance of using cardioprotective agents in patients treated
with cardiotoxic drugs [16].

Our study has proven that, even after half the total cumulative dose, both time-domain
and frequency-domain HRV parameters were significantly lower than at baseline. This is
consistent with other findings so far [14-16]. As other research has indicated, frequency-
domain parameters are a more accurate indicator for CANS function [15,47]. It has been
proven that, the LF/HF ratio is an important marker of sympathetic-parasympathetic
balance [41] and has also been clearly correlated to heart failure progression [42,43]. As
such, our study demonstrates a significant decrease in LF and HF with an increase in
the LF/HF ratio, respectively. This unveils an early dysfunction of the cardiac ANS
owing to increased sympathetic modulation. It could be hypothesized that this sympathetic
dominance could be an indicator of an early-on compensatory response to abnormal cardiac
functioning. Therefore, it could be stated that a decrease in HRV is an early indicator of
altered cardiac function, being one of the very first noticeable signs of anthracycline-induced
cardiac toxicity.

5. Limitations

Our study has been limited by the small number of patients; a larger, multi-centric
study being needed to establish appropriate Holter-ECG monitoring intervals for children
treated with anthracyclines. Also, as compared to other studies, we did not use cardio-
protective agents (such as dexrazoxane), as they are not approved for use in the pediatric
population in our country. What is more, these results were obtained mid-treatment after
only half of the total cumulative doxorubicin equivalent dose had been given. A follow-up
of these patients, with Holter ECG evaluation after reaching the total cumulative dose and
1 year after treatment cessation is to be performed.

6. Conclusions

In our study, pediatric patients diagnosed with ALL displayed a significant decrease
in HRV parameters induced by anthracycline treatment. Our findings are consistent with
the existing literature, according to which the regulation of cardiac ANS is compromised in
children treated with anthracyclines even before reaching the total cumulative dose. These
findings emphasize the importance of cardiac monitoring during the oncological treatment,
as Holter ECG monitoring could be used to determine early cardiotoxicity signs and the
need for treatment. Further studies are needed to establish the exact implications of these
results for the long-term cardiac function and cardiotoxicity prophylaxis.
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