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Abstract
Aims  Acute lymphoblastic leukemia (ALL) is one of the leading malignancies in children worldwide. The cardiotoxicity of 
anti-cancer treatments leads to a dysfunction of the cardiac autonomic nervous system. Protection strategies, with dexrazoxane 
treatments, were used to counter these adverse effects. The aim of this study was to investigate the effects of the treatments 
on the cardiac autonomic nervous system.
Methods and results  A total of 203 cALL survivors were included in our analyses and were classified into 3 categories 
based on the prognostic risk group: standard risk, high risk with and without dexrazoxane. A 24-h Holter monitoring was 
performed to study the cardiac autonomic nervous system. The frequency domain heart rate variability (HRV) was used to 
validate the cardiac autonomic nervous system modifications. Other analyses were performed using linear HRV indexes in 
the time domain and non-linear indexes. A frequency domain HRV parameters analysis revealed significant differences on 
an overall time-period of 24 h. A repeated measures ANOVA indicated a group-effect for the low frequency (p = 0.029), high 
frequency (p = 0.03) and LF/HF ratio (p = 0.029). Significant differences in the time domain and in the non-linear power 
spectral density HRV parameters were also observed.
Conclusion  Anti-cancer treatments induced significant changes in the cardiac autonomic nervous system. The HRV was 
sensitive enough to detect cardiac autonomic nervous system alterations depending on the cALL risk category. Protection 
strategies (i.e., dexrazoxane treatments), which were used to counter the adverse effects of doxorubicin, could prevent changes 
observed in the cardiac autonomic nervous system.

Keywords  Acute lymphoblastic leukemia · Cardiac autonomic nervous system · Heart rate variability · Doxorubicin 
treatments · Electrophysiology

Introduction

Acute lymphoblastic leukemia (ALL) is one of the lead-
ing malignancies in children worldwide. It is described as 
being a blood cancer treated mainly with doxorubicin treat-
ments [1]. This type of treatment considerably improves the 
survival rate of children with cancer. However, it has been 
demonstrated that in the long term, the cumulative dosage of 
doxorubicin can induce cardiotoxicity [2, 3]. Nearly 65% of 
childhood acute lymphoblastic leukemia (cALL) survivors 
live with some comorbidities after the end of their treat-
ments with doxorubicin [4]. The main comorbidity observed 
among cALL survivors is an alteration in their cardiac sys-
tem [5, 6]. The cumulative dosage of anti-cancer treatments 
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and the risk of being affected by a chronic disease have a 
proportional relationship [7].

It is observed that the cardiotoxicity of anti-cancer treat-
ments leads to a dysfunction of the cardiac autonomic nerv-
ous system (ANS) [8], independently of the deterioration of 
the cardiac contractility [9]. In some cases, when the cumu-
lative doses of doxorubicin are high, dexrazoxane (DEX) 
treatments are prescribed as a protection strategy to reduce 
cardiotoxicity [10]. Despite these prevention strategies, the 
cardiac ANS appears to be excessively activated in patients 
with cancer [11, 12]. However, the changes observed in the 
cardiac ANS, and more particularly the activity of the sym-
pathetic nervous system and the parasympathetic nervous 
system, must be better understood. Therefore, the purpose 
of this study was to investigate, in a population of cALL 
survivors, the effects of anti-cancer treatments on the car-
diac ANS.

Materials and methods

Participants

All patients were diagnosed between 1987 and 2010 and 
treated for cALL according to DFCI-ALL 87-01 to 05-01 
protocols [13] at Sainte-Justine University Health Center 
(SJUHC), Montreal (Quebec), Canada. Participants were 
recruited in the context of the PETALE study, a multidis-
ciplinary research project with the goal to identify and to 
comprehensively characterize associated predictive biomark-
ers of long-term treatment-related complications in cALL 
survivors [14]. Eligible participants were less than 19 years 
old at diagnosis, without relapse or refractory ALL. They 
had not received a hematopoietic stem cell transplant and 
had been diagnosed at least 5 years earlier. These partici-
pants were almost exclusively of French Canadian descent 
(> 95%) [14]. Subjects who suffered from congenital bone 
disease or who received osteotoxic drugs for non-ALL dis-
eases were excluded. Written informed consent was obtained 
from every patient or parent/legal guardian. The study was 
conducted in accordance with the Declaration of Helsinki 
and the protocol was approved by the Ethics Review Com-
mittee of SJUHC.

All patients were classified into three groups for statisti-
cal analysis depending on their gender, age, time from end 
treatment and prognostic risk group [i.e., standard risk (SR), 
high risk with and without cardio-protective agent dexrazox-
ane (HR and HR + DEX)) [13]. The cumulative doxorubicin 
dose for the SR group was 60 mg/m2, 300 mg/m2 for the 
HR + DEX group and either 360 mg/m2 (DFCI-ALL pro-
tocols 85-01, 87-01 and 91-01) or 300 mg/m2 (DFCI-ALL 
protocols 95-01) for the HR group. The main factor that lead 

to an addition of dexrazoxane was the cumulative dose of 
doxorubicin ( ≥300mg/m2) [13].

Heart rate variability (HRV)

To study the cardiac ANS, we used the heart rate variabil-
ity acquired from a three-channel 24-h ambulatory Holter 
monitor. Each electrocardiogram (ECG) was recorded at a 
sampling frequency of 250 Hz. Data were extracted from 
the Holter monitor through the MARS software (Mars 8000 
scanners, Milwaukee, Wisconsin, USA) with an MIT signal 
format. Data was then converted into the EDF signal format 
and read by Kubios HRV premium, version 3.0 (Biosignal 
Analysis and Medical Imaging Group, Kuopio, Finland). No 
data compression was performed for pre-analyse solid-state 
storage, which prevented amplitude and/or phase distortion. 
Before starting the analyses of linear HRV indexes, an auto-
matic correction of artifacts was performed, by Kubios HRV. 
The HRV was used as a reliable and non-invasive tool for 
assessing cardiac ANS in cancer patients [15–17].

The frequency domain was used to validate cardiac 
ANS modifications [16]. For calculation of the linear HRV 
indexes in the frequency domain, autoregressive (AR) mod-
eling was used. Frequency domain parameters included the 
measure of Low Frequency (LF 0.04–0.15 Hz) and High 
Frequency (HR 0.15–0.4 Hz) ranges. The LF was associ-
ated with both the sympathetic and parasympathetic nervous 
system, whereas the HF was associated only with the para-
sympathetic branch of the cardiac ANS [18, 19]. The ratio 
between the LF and HF ranges (LF/HF) was recognized as 
an important marker of sympathovagal activity.

Other analyses were performed using linear HRV indexes 
in the time domain and non-linear indexes with Kubios HRV 
[20] in accordance with established standards [16]. The RR 
intervals are known as normal-to-normal (NN) intervals 
[21]. Time domain parameters included the mean value of 
NN intervals ( NN ), the standard deviation of NN (SDNN), 
the root mean square of successive differences (RMSSD) 
and the pNN50 which is the percentage of beats that have 
an interval between 2 beats > 50 ms. Geometric methods 
included calculation of the HRV RR triangular index and 
the triangular interpolation of normal-to-normal intervals 
(TINN). For calculation of the non-linear power spectral 
density, parametric methods were used. Analysis of non-
linear indexes included the approximate entropy (ApEn) 
which provided a measure of irregularity and complexity 
within the NN intervals. Amongst the non-linear parameters 
computed by Kubios HRV, the Poincaré plot was used to vis-
ualize non-linear properties of RR interval series. The Poin-
caré plot included the standard deviation perpendicular to 
the line-of-identity (SD1) which corresponded to the short-
term variability of any non-linear dynamic system. It also 
included the standard deviation along the line-of-identity 
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(SD2) which corresponded to the long-term variability of 
any non-linear dynamic system and to the ratio between 
SD2 and SD1. The detrended fluctuation analysis (DFA) 
included the short-term fluctuations, α1 and the long-term 
fluctuations, α2.

Assessments of ejection fraction

An assessment of the ejection fraction was performed with a 
cardiac transthoracic echocardiographic measurement (Vivid 
9 machine, GE Medical Systems, Milwaukee, Wisconsin) 
according to recommendations [22]. The M-Mode echocar-
diography and the biplane Simpson’s method were used to 
measure the left ventricular ejection fraction. Patients with 
an ejection fraction of less than 55% were considered to have 
a reduced ejection fraction [23].

Classification of ventricular arrhythmias

A 24-h Holter monitoring was performed to analyze ventric-
ular arrhythmias based on parallel hierarchies of frequency 
as a categorical variable [24]. The Myerburg classification 
includes five classes defined as: class 0, no ventricular pre-
mature complexes (VPCs); class I, rare VPCs (< 1 VPC/h); 
class II, infrequent VPCs (1–9 VPCs/h); class III, interme-
diate VPCs (10–29 VPCs/h); and class IV, frequent VPCs 
(≥ 30 VPCs/h). The Myerburg classification was chosen, in 
comparison to the Lown classification [25] for its greater 
flexibility in characterizing prognostic aspects of ventricular 
arrhythmias [26]. It should be noted that no patients were in 
atrial fibrillation at the time of the Holter recordings.

Statistical analysis

Statistical analyses were performed using IBM SPSS sta-
tistics, version 24.0 (IBM Corp., Armonk, NY, USA). All 
variables were reported as mean ± standard deviation (SD) 
and the normal distribution of HRV data was verified using 
the Shapiro–Wilk test. For clinical characteristics, a series 
of pair-wise two sample t tests with a significance level 
of 5% was performed over all combinations of the groups 
under investigation. The effect of the prognostic risk group 
(i.e., SR, HR + DEX and HR) on the studied variables (i.e., 
HRV data) was tested by within-subject repeated measures 
ANOVA. When a significant effect was observed, a post 
hoc analysis using the Bonferroni correction for multiple 
comparisons was performed. A Greenhouse–Geisser cor-
rection for sphericity was conducted when the hypothesis of 
sphericity of the data distribution was violated as assessed 
by Mauchly’s test. For all tests, statistical significance was 
set at an alpha level of p < 0.05.

Results

Our study included 250 cALL survivors, among which 47 
patients were excluded: 12 refused to carry the ambulatory 
Holter monitor, 17 did not complete the 24-h recordings 
because their electrodes either fell off (mostly during the night) 
or the patients removed their electrodes, and 18 were excluded 
because their data file was corrupted and could not be read by 
the software. From these 203 cALL survivors included in our 
analyses, the patients were classified into three groups (SR, 
HR + DEX and HR) (Table 1). Using the M-Mode, in the SR 
group, 19 patients (21.3%) had an ejection fraction < 55%. In 
the HR + DEX group, 13 patients (20.6%) had an ejection frac-
tion < 55% and in the HR group, 27 patients (52.9%) had an 
ejection fraction < 55%. Using the biplane Simpson’s method, 
in the SR group, 33 patients (37.1%) had an ejection frac-
tion < 55%. In the HR + DEX group, 25 patients (39.7%) had 
an ejection fraction < 55% and in the HR group, 26 patients 
(51.0%) had an ejection fraction < 55%. For both methods, 
there was no significant difference between the three groups 
regarding ejection fraction analyses.

Frequency domain HRV parameters

A repeated measures ANOVA revealed significant differences 
in the frequency domain HRV parameters on an overall time-
period of 24 h (Table 2). The results indicated an effect of 
the groups for the low frequency (p = 0.029), high frequency 
(p = 0.03) and LF/HF ratio (p = 0.029). Post hoc analyses dem-
onstrated that low frequency was significantly lower in the SR 
group than in the HR group (p < 0.05). Additionally, high fre-
quency was significantly higher in the SR group than in the HR 
group (p < 0.05). The same results were shown with raw values 
for low and high frequency. The LF/HF ratio was significantly 
lower in the SR group than in the HR group (p < 0.01). It was 
also lower than in the HR + DEX group (p < 0.05).

Time domain HRV parameters

A repeated measures ANOVA revealed significant differences 
in the time domain HRV parameters on an overall time-period 
of 24 h (Table 3). The results showed an effect of the groups 
for RMSSD (p = 0.012) and pNN50 (p = 0.001). Post hoc anal-
yses demonstrated that RMSSD and pNN50 were significantly 
higher in the SR group than in the HR group (p < 0.05 and 
p < 0.001, respectively).

Non‑linear power spectral density HRV parameters

A repeated measures ANOVA revealed significant differ-
ences in non-linear power spectral density HRV parameters 
(Table 4). The results showed an effect of the groups in an 
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Table 1   Clinical characteristics 
of cALL survivors

Data are expressed as means ± SD
SR standard risk, HR high risk, HR + DEX high risk with dexrazoxane, BMI body mass index, DOX cumu-
lative dose of doxorubicin, DEX cumulative dose of doxorubicin
a p < 0.05, SR versus HR group
b p < 0.05, SR versus HR + DEX
c p < 0.05, HR versus HR + DEX

SR HR + DEX HR p value

Total (n) 89 63 51 –
Age at visit (years) 19.7 ± 4.9 19.6 ± 5.5c 28.3 ± 5.3a < 0.001
Height (cm) 165.8 ± 8.1 165.3 ± 11.7 166.4 ± 10.3 0.670
Weight (kg) 66.8 ± 17.3 64.8 ± 14.4 69.5 ± 14.9 0.391
BMI (kg/m2) 24.2 ± 5.4 23.6 ± 4.4 25.1 ± 5.2 0.508
Time of treatment (y) 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.3 0.559
Time from end treatment (years) 15.5 ± 5.0 8.7 ± 3.3c,b 17.9 ± 3.4 < 0.001
Ejection fraction with M-Mode (%) 57.9 ± 5.0 59.4 ± 5.7 60.7 ± 5.8 0.316
Ejection fraction with biplane Simpson 

method (%)
56.4 ± 4.9 55.4 ± 5.7 54.9 ± 5.3 0.411

DOX (mg/m2) 66.8 ± 45.8 284.3 ± 53.7b 287.6 ± 68.6a < 0.001
DEX (mg/m2) 2789.3 ± 469.4 –

Table 2   Frequency domain 
parameters

Data are expressed as means ± SD
SR standard risk, HR + DEX high risk with dexrazoxane, HR high risk, LF low frequency, HF high fre-
quency.
a p < 0.05, SR versus HR
b p < 0.01, SR versus HR
c p < 0.05, SR versus HR + DEX

SR HR + DEX HR p value

Low frequency (n.u.) 57.3 ± 14.1 62.2 ± 13.9 63.8 ± 11.2a 0.029
Low frequency (ms2) 1764.7 ± 961.5 1671.7 ± 1057.0 1388.4 ± 764.3a 0.025
High frequency (n.u.) 42.0 ± 14.1 37.1 ± 14.0 35.4 ± 1.3a 0.030
High frequency (ms2) 1685.9 ± 2119.3 1294.6 ± 1458.9 890.0 ± 767.2a 0.032
LF/HF ratio 1.7 ± 1.0 2.1 ± 1.3c 2.1 ± 1.2b 0.029

Table 3   Time domain 
parameters

Data are expressed as a percentage or as means ± SD
SR standard risk, HR + DEX high risk with dexrazoxane, HR high risk, NN standard deviation of all nor-
mal-to-normal intervals, SDNN standard deviation of normal-to-normal RR intervals, RMSSD root mean 
square of successive RR interval differences, pNN50 relative number of successive RR interval pairs that 
differ more than 50 ms
a p < 0.05, SR versus HR
b p < 0.01, SR versus HR

SR HR + DEX HR p value

Mean heart rate (bpm) 77.9 ± 9.0 79.3 ± 8.5 79.2 ± 7.1 0.512

NN (ms) 780.7 ± 93.2 765.7 ± 88.9 763.7 ± 74.6 0.501

SDNN (ms) 168.6 ± 42.5 156.9 ± 43.7 154.0 ± 42.7 0.134
RMSSD (ms) 58.7 ± 35.6 49.5 ± 25.7 42.6 ± 18.1a 0.012
pNN50 (%) 22.1 ± 12.4 17.7 ± 12.3 13.9 ± 8.9b 0.001
HRV triangular index 44.7 ± 12.1 42.9 ± 12.0 40.8 ± 10.4 0.144
TINN (ms) 1119.6 ± 247.7 1035.7 ± 282.0 1049.8 ± 302.1 0.080
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overall time-period of 24 h for SD1, SD2, SD2/SD1 ratio 
and DFA, long-term fluctuations α1. Post hoc analyses 
demonstrated that SD1 and SD2 were significantly higher 
in the SR group than in the HR group (p < 0.05 and p < 0.05, 
respectively). The SD2/SD1 ratio was significantly lower 
in the SR group than in the HR group (p < 0.01). This ratio 
was also lower in the SR group than in the HR + DEX group 
(p < 0.05). The DFA, long-term fluctuations α1 was signifi-
cantly lower in the SR group than in the HR group (p < 0.01).

Classification of ventricular arrhythmias

There were no significant differences in the classification 
of ventricular arrhythmias of patients in the SR, HR + DEX 
and HR groups including class 0, class I, class II, class III, 
or class IV (Table 5).

Discussion

This study investigated the possible effects of doxorubicin 
treatments on the cardiac ANS. New findings brought to 
research by this study clarify the role of the sympathetic 
and parasympathetic nervous system in the alteration of 

the cardiac ANS in cALL survivors. Therefore, it would 
seem that cumulative doses of doxorubicin may have a sig-
nificant negative impact on the cardiac ANS. The dexra-
zoxane treatments seem to provide an effective protection 
strategy to counter the adverse effects brought on by doxo-
rubicin to the cardiac ANS.

Our findings completed and specified the results of 
previous studies in humans [12, 27] and replicated some 
results of rodent models [28]. Indeed, one of the first 
studies in this field had observed an autonomic imbalance 
in cALL survivors, especially in the time domain HRV 
parameters, which was not resolved when treatments were 
completed [12]. Previously, in a pilot study, power spectral 
analyses of HRV had revealed an elevation of the sympa-
thetic modulation without any specification on parasym-
pathetic modulation (Kamath et al., Blood 82: abs. 210, 
1993). Recently, the hypothesis of sympathetic dominance 
in the alteration of the cardiac ANS for acute leukemia 
was confirmed with time domain HRV parameters [27]. 
However, the authors pointed out the importance of using 
frequency domain parameters to consolidate these results 
[27]; which we did in this study. It should be noted that 
the involvement of protection strategies in the alteration 
of the cardiac ANS was not discussed in previous studies 

Table 4   Non-linear power 
spectral density parameters

Data are expressed as means ± SD
SR standard risk, HR + DEX high risk with dexrazoxane, HR high risk, LF low frequency, HF high fre-
quency, ApEn approximate entropy
a p < 0.05, SR versus HR
b p < 0.01, SR versus HR
c p < 0.05, SR versus HR + DEX

SR HR + DEX HR p value

ApEn 1.4 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 0.529
SD1 (ms) 41.5 ± 25.2 35.0 ± 18.2 30.1 ± 12.8a 0.012
SD2 (ms) 70.6 ± 21.2 66.2 ± 21.1 59.9 ± 16.8a 0.006
SD2/SD1 ratio 1.9 ± 0.5 2.1 ± 0.5c 2.1 ± 0.4b 0.018
Detrended fluctuation analysis
 Short-term fluctuations, α1 1.2 ± 0.2 1.2 ± 0.2 1.3 ± 0.1b 0.008
 Long-term fluctuations, α2 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.369

Table 5   Classification of 
ventricular arrhythmias

n (%) is the percentage of cALL survivors in the different class. The p value is for differences in means
SR standard risk, HR + DEX high risk with dexrazoxane, HR high risk

SR HR + DEX HR p value

Means ± SD n (%) Means ± SD n (%) Means ± SD n (%)

Class 0 0.0 ± 0.0 1.6 0.0 ± 0.0 3.9
Class I 0.5 ± 0.3 27 0.5 ± 0.3 42.9 0.3 ± 0.2 39.2 0.385
Class II 3.5 ± 2.0 59.6 3.1 ± 2.1 34.9 3.4 ± 2.5 47.1 0.898
Class III 18.1 ± 6.9 7.8 19.7 ± 6.5 14.3 17.6 ± 8.7 9.8 0.989
Class IV 71.9 ± 58.3 5.6 61.2 ± 32.9 6.3
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[12, 27] despite the fact that there seems to be an influence 
in rodent model [28].

Analyses of linear HRV in the frequency domain revealed 
a possible alteration of the cardiac ANS in our population. 
Indeed, the SR group had a low frequency value significantly 
inferior to the HR group. The opposite was observed for high 
frequency analysis, where the SR group was significantly 
superior to the HR group. However, no significant differ-
ence was observed between the SR and HR + DEX groups. 
This observation seems to support the effectiveness of dexra-
zoxane treatments, which were used to counter the adverse 
effects of doxorubicin in high risk cALL survivors. Dexra-
zoxane treatments allowed a reduction of cardiotoxicity and 
a prevention of a possible change in the cardiac ANS [10]. 
However, no significant difference was observed between 
the HR + DEX and HR groups, which could be explained by 
the lack of statistical power. The analysis of the 24-h Holter 
data provided comprehensive and more robust information 
about all daily activities of patients [19, 29]. Previous stud-
ies have published data on the healthy population, with the 
same parameters as our research [30]. Overall, our data in 
low frequency seemed to be higher in the HR + DEX and HR 
groups, but in high frequency they were lower. The absence 
of a healthy control group in our study does not allow us to 
confirm this trend. The sensitivity of our results in cALL 
survivors for LF/HF ratio was similar to previous studies 
[12, 31]. Nevertheless, the LF/HF ratio increased with the 
risk level but was slightly higher than those reported previ-
ously [12]. These findings could be due to differences in can-
cer treatments between studies. For example, Kamath study 
[12] used ALL survivors who had vincristine and methotrex-
ate treatments while our study focused on doxorubicin treat-
ments. Thus, our results in the frequency domain suggested 
that the cardiac ANS alterations in cALL survivors could 
be due to an increase in sympathetic activity and a decrease 
in parasympathetic activity. These observations were con-
firmed by the analysis of the linear HRV in the time domain 
and non-linear HRV indexes.

Indeed, we observed a significant decrease of the pNN50 
index with the prognostic risk group. These results were 
similar for the RMSSD index, suggesting that the parasym-
pathetic activity of the cardiac ANS was impaired. Addi-
tionally, the analysis of non-linear HRV indexes showed 
that short-term variability was affected. The results in the 
SR group were significantly higher than the ones in the HR 
group. The results were similar for long-term variability, 
as well as for DFA, α1. The changes observed in the car-
diac ANS may be considered as short-term compensatory 
responses to hemodynamic alterations resulting from abnor-
mal cardiac function [32]. The literature suggests that there 
is a similar rate of ventricular arrhythmias in cancer survi-
vors and in non-ischaemic cardiomyopathy patients [33]. 
However, it should be noted that the prognostic risk group 

did not seem to influence the number of ventricular arrhyth-
mias in our study, as shown by the analysis of ventricular 
arrhythmias based on the Myerburg classification. Previ-
ously, a study observing an alteration of cardiac autonomic 
function in acute leukemia patients did not detect episodes 
of sustained atrial or ventricular arrhythmias [27]. Recently, 
a study highlighted the developed incidence of atrial fibrilla-
tion during follow-up in patients with chronic lymphocytic 
leukemia [34]. It should be noted that the average age of the 
patients in this study was superior to the one in our study 
(median age at diagnosis in Shanafelt study was 65 years) 
which might explain differences in the results obtained 
from each study. Indeed, the incidence of atrial fibrillation 
increases with the age [34–36]. Thus, results of our study 
suggest that there may be processes other than the doxo-
rubicin doses involved in the deterioration of the cardiac 
function in cALL survivors. The cardiotoxicity associated 
with chemotherapy treatments involves multiple complex 
mechanisms [37]. Other studies are necessary to determine 
the physiopathological role of the cardiac ANS imbalance 
in cALL survivors.

The major clinical implication of our findings was that 
measuring the HRV, in cALL survivors, was sensitive 
enough to discriminate changes in the cardiac ANS depend-
ing on the doxorubicin doses mediated by dexrazoxane 
protection. The cumulative dosage of doxorubicin induced 
cardiotoxicity in cALL survivors, but our results seemed 
to show that in the long term, the impact was subclinical 
since there was a slight deterioration of the ejection fraction. 
A high proportion of left ventricular dysfunction assessed 
by global longitudinal strain has been shown in apparently 
healthy cALL survivors previously exposure to high doses 
of anthracyclines [38]. In patients treated during childhood 
and adolescence with doxorubicin, the myocardial sympa-
thetic activity was not associated with a reduction in the left 
ventricular ejection fraction [39]. In that sense, a follow-up 
of the sympathetic and the parasympathetic nervous system 
activity could allow monitoring and prevention of an inap-
propriate remodeling of the myocardium and of a deterio-
ration of the cardiac function [40]. As in the first stage of 
heart failure, we could hypothesize that the cardiac ANS 
began to compensate for subclinical cardiac remodeling in 
cALL survivors [41]. Nevertheless, this adaptive mechanism 
could, in the long term, result in a misadaptation and in a 
worsening of the cardiac function [41]. This is an important 
point because it has been reported that cancer survivors have 
a considerably increased risk for premature cardiovascular 
diseases such as congestive heart failure [42]. There are 
strategies to reduce the imbalance of the cardiac ANS in 
cALL survivors in an anti-adrenergic way, even in low doses 
of doxorubicin. These should be considered as exploratory 
therapies, similarly to early beta-blockade [43] or to exercise 
training [44–46].
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Our study was the first to include a large number of patients 
and to take into account anti-cancer treatments. Cardiotoxic 
protection therapies for chemotherapeutic treatments were 
also taken into account. Despite our interesting findings, some 
limitations should be mentioned. The physical fitness and 
age, which were considered as confounding factors, were not 
included in the analysis. However, the patients were close in 
age at the time of the study, in comparison to previous studies 
which compared patients with many decades of age difference. 
This was also observed for the time from the end of chemo-
therapy, which could have an impact on our HRV data. In that 
sense, the age and the time from end treatment should not be 
considered as a bias in our interpretation of data. Additionally, 
it is reported that BNP and NT-proBNP are important markers 
of cardiotoxicity in cancer patients [47, 48] in addition to an 
echocardiographic evaluation [49]. Thus, it would be interest-
ing to consider these cardiotoxicity markers in future statistical 
analyses. Finally, the use of the myocardial strain imaging to 
detect left ventricular dysfunction should be considered for its 
sensitivity to chemotherapy cardiotoxicity [50].

In conclusion, doxorubicin induced significant changes in 
the cardiac ANS in our population. Our findings suggested 
that regulation of the cardiac ANS is compromised in cALL 
survivors depending on their treatments. Protection strategies 
(i.e., dexrazoxane treatments), which were used to counter the 
adverse effects of doxorubicin, could prevent changes observed 
in the cardiac autonomic nervous system. Finally, whether the 
measurement of the HRV can be used in cALL survivors to 
monitor cardiac remodeling from subclinical stages to heart 
failure remains an open question.
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