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	 Background:	 Drug-induced cardiotoxicity (DICT) is one of the most serious adverse drug reactions, which is an important 
safety issue in drug development and clinical practice. This study aimed to summarize the knowledge struc-
ture and to detect emerging trends, and provide ideas for future research on DICT in children using bibliomet-
ric methods.

	 Material/Methods:	 All publications on DICT in children were retrieved through the Web of Science Core Collection up to April 20, 
2022. The document type was restricted to articles with the language set to English. CiteSpace and VOSviewer 
were used to conduct this bibliometric analysis.

	 Results:	 A total of 298 articles were included, and the annual publications decreased since 2021. The United States was 
the leading country with the most publications (117), the highest centrality (0.39), and total citations (4055). 
The most influential institution was the University of British Columbia, while Carleton BC and Rassekh SR, both 
from Canada, were the most productive authors, but there was no leader in this field. The keywords with both 
high frequency and high centrality after excluding “cardiotoxicity” and “children” were acute lymphoblastic leu-
kemia (Freq=43, Central=0.15), childhood cancer (Freq=42, Central=0.13), toxicity (Freq=33, Central=0.16), and 
breast cancer (Freq=29, Central=0.19). “Adriamycin cardiotoxicity” was the first burst keyword, while “child-
hood cancer”, “oxidative stress”, and “cardiac dysfunction” were emerging research hotspots.

	 Conclusions:	 Attention to DICT in children was insufficient. This study serves as a breakthrough point, providing a compre-
hensive overview of the knowledge structure, development landscape, and future opportunities in this field.
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Background

Cardiotoxicity is one of the most serious adverse drug reactions, 
leading to drug attrition, black box warnings, and post-approval 
withdrawals [1,2]. The widely accepted definition of cardiotox-
icity is a decrease in left ventricular ejection fraction (LVEF) of 
at least 10% to less than 55% [3]. Drug-induced cardiotoxicity 
(DICT) refers to the pharmacodynamic response of drugs that 
affects the physiological function of the heart or damages the 
myocardium in a relatively small dose and relatively short time 
[4,5]. Clinical data suggested that drug-induced cardiomyocyte 
death and mitochondrial toxicity of the heart are the major 
causes of cardiotoxicity [6,7]. There are also frequent reports 
of DICT in children, such as antimalarial drugs [8], anti-tumor 
drugs [9-11], and local anesthesia drugs [12]. Anthracycline-
induced cardiotoxicity (ACT) is most commonly reported and 
is dose-dependent in children. In addition, the age of the pa-
tient plays an important role in susceptibility, with younger pa-
tients at greater risk for cardiotoxicity and heart failure years 
after completion of treatment [11]. Cardiotoxic drugs can in-
duce both cardiac dysfunction and myocardial injury [13], and 
even cause “hidden cardiotoxicity” that manifests only in the 
diseased heart, such as ischemia/reperfusion injury and/or in 
the presence of its major comorbidities [5]. The physiology of 
the heart and the effect of drugs in children vary greatly from 
adults [14]; therefore, it is crucial to study the cardiotoxic ef-
fect of drugs in the pediatric population. In recent years, the 
number of studies on DICT has increased rapidly, but there is 
a lack of quantitative analysis and comprehensive evaluation 
of recent research achievements.

Bibliometrics is a branch of library and information science that 
evaluates and predicts the research status and development 
trends of a specific discipline. It enrolls the literature of a dis-
cipline as the object and performs quantitative analysis using 
mathematical and statistical methods [15]. Bibliometric meth-
ods have been widely used in medical and health science-re-
lated fields such as pharmacovigilance [16], adverse drug reac-
tions [17,18], pharmacy practice research [19], COVID-19 [20], 
certain drugs [21], and disease treatment [22-24]. The Web of 
Science Core Collection (WoSCC) is an important database for 
obtaining global academic information, based on which the 
metrological characteristics of publications can be analyzed 
quantitatively and qualitatively.

CiteSpace is a document visualization analysis software based 
on the Java language runtime platform, invented by Professor 
Chen Chaomei [25]. It can construct the structure, law, and dis-
tribution of related subject knowledge through the method 
of visualizing information such as document titles, abstracts, 
keywords, authors, and institutions, revealing the comprehen-
sive research situation and hotspots of a subject or field in a 
certain period, and can predict development trends in related 

fields [26]. VOSviewer is also a commonly used visual anal-
ysis software of bibliometrics. The advantages of VOSviewer 
are good graphical presentation ability and bibliographic cou-
pling analysis of literature. In this study, the literature relat-
ed to DICT was collected and screened from WoSCC. Then, 
we used CiteSpace 5.8.R3 and VOSviewer 1.6.18 to generate 
network maps and identify top authors, articles, institutions, 
countries, keywords, co-cited journals, hotspots, and research 
trends. The purpose of this study was to reveal the knowledge 
structure and current status and to detect emerging trends 
and the main research focus of DICT in children using biblio-
metric methods. We also aimed to describe in depth the cur-
rent research foundation and status to provide ideas for fu-
ture research directions.

Material and Methods

Data Extraction and Collection

To ensure the accuracy of the retrieval, Medical Subject 
Headings (MeSH) terms and their entry terms in PubMed were 
combined before the retrieval. Then, we developed a precise 
formula to retrieve in the SCI-Expanded (Science Citation Index 
Expanded) of the WoSCC database. To avoid bias caused by 
database updates, we completed the retrieval within one day, 
on April 20, 2022. The time was from the database inception 
to April 20, 2022. All drugs causing cardiotoxicity or cardiotoxic 
events were included in our study. The cardiotoxicity evaluat-
ed in this study included acute myocardial injury and chronic 
cardiac function impairment. The retrieval strategy was TOPIC: 
(‘‘drug*’’ OR “medication*”) AND (“cardiotoxicit*” OR “cardiac 
toxicit*” OR “toxicity, cardiac” OR “cardiac poisonous”) AND 
(“pediatric*” OR “child*” OR “kid” OR “kids” OR “baby” OR “ba-
bies” OR “infant*” OR “toddler*”). Then, we refined the search 
results by restricting the language to English and the docu-
ment type to articles. The final 298 articles were included by 
double manual screening and refining. The literature screen-
ing and refining process is shown in Figure 1.

Data Analysis

Quantitative analysis of published journals, the number of pub-
lications, and citations was performed using Microsoft Excel 
2017. We obtained the impact factor and h-index of all publi-
cations. The bibliometric analysis was conducted using 2 dif-
ferent visualization software: VOSviewer (Version 1.6.18) and 
CiteSpace (Version 5.8.R3). Co-citation analysis is a quantitative 
information research method that mainly studies the relation-
ship between documents by analyzing the situation in which 
2 documents are cited simultaneously by other documents. As 
one of the most important indicators, it has been widely ap-
plied in bibliometrics [27]. Co-occurrence analysis is a method 
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that quantifies co-occurrence information in various informa-
tion carriers, which can reveal the content correlation of infor-
mation and the association of different items. Citation burst re-
fers to the phenomenon that network data bursts rapidly within 
a certain period. Through the burst of keywords, the dynamic 
changes of research hotspots over time can be seen, and the 
development trend of research can be analyzed. In this study, 
CiteSpace was used to perform co-occurrence analysis, clus-
ter analysis, and citation burst of keywords, which was help-
ful to detect the research hotspots and development trends. 
The importance of network nodes is represented by centrali-
ty. Higher centrality represents greater influence. The centrali-
ties of the items in this study were calculated using CiteSpace.

Parameter Settings of CiteSpace are as follows: the period 
was from 1990 to 2022, the time slice was set to 1, and the 
threshold (Top N) was selected as Top 50, which represent-
ed extracting the 50 nodes with the highest frequency every 
year. In this study, we selected “pathfinder”, “pruning sliced 
networks”, or “pruning the merged network” in the network 
clipping functional area parameters to analyze the map, and 
then adjusted the co-occurrence threshold, displayed frequency 
threshold, and other parameters to generate the correspond-
ing co-occurrence map.

VOSviewer was used to perform collaborative network analysis 
on countries, institutions, and authors. The size of the nodes 
represents the number of publications; a larger size indicat-
ed a larger number. The thickness of the line denotes the cor-
relation between 2 items, and a thicker line shows a stronger 

association. The colors of the nodes indicates distinct clus-
ters or periods.

Results

Publication Outputs and Trends

The annual distribution of the publications can reflect the re-
search level and development of a certain discipline and is an 
important indicator to measure academic research [28]. A to-
tal of 298 publications were finally included for analysis. The 
annual publications and annual citations on DICT from 1990 to 
2022 are shown in Figure 2. The first paper was published in 
1990, and the most productive year was 2020 with 20 records. 
The annual outputs did not exceed 10 until 2007 and were be-
tween 10 to 20 in the past decade. In terms of the publica-
tion years, the number of annual publications and citations in-
creased steadily from 1990 to 2020, but with some fluctuations. 
The number of publications decreased significantly from 2021, 
and only 1 article was published in the first quarter of 2022.

There were 9381 cumulative total citations of the 298 arti-
cles, including 258 self-citations, by 20 April 2022. The aver-
age number of citations was 31.48 and the h-index was 48. The 
trend of annual citations was similar to that of annual publi-
cations. The year with the most citations was 2021, cited 954 
times. According to the current data, researchers have not paid 
enough attention to DICT in children. The annual maximum 
number of publications did not exceed 20 and declined since 

Retrieval strategy:
Topic: (TC=(”drug*” OR  ”medication*”) AND
TS=(”cardiotoxicity*” OR ”cardiac toxicit*” OR
“toxicity, cardiac” OR “cardiac poisonous”)) AND
TS=(“pediatric*” OR “child*” OR “kid” OR “kids” OR
“baby” OR “babies” OR “infant*” OR “toddler*”))
Note: The retrieval was completed on April 20, 2022

Search in Web of Science Core Collection
Index: SCI-Expanded (1900-)

Re�ned by doucment types: (Articles)
n=413

n=604

Re�ned by languages: (English)
n=408

Re�ned by manual screening
n=304

Excluded irrelevant studies by
reading the Titles and Abstracts

Excluded irrelevant studies by
reading the Full text

Re�ned by manual screening
n=298

Figure 1. �Flow chart of the literature screening 
and refinement.
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2021. It can be predicted that the number of publications in 
2022 would be under 10.

The top 10 most highly cited articles are shown in Table 1. Four 
of the top 10 articles were published between 2012 to 2015, 
and the others were published before 2005. The vast major-
ity of the highly cited articles were on the topic of cardiotox-
icity induced by anthracyclines in children. The article “Early 
detection of anthracycline cardiotoxicity and improvement with 
heart failure therapy” [29] ranked first, with 689 total citations 
and an annual average of 86.13 citations. It was published in 
the journal Circulation in 2015. This was a heterogeneous co-
hort study of 2625 patients receiving anthracycline-contain-
ing therapy, which prospectively evaluated the incidence, time 
of occurrence, clinical correlates, and response to heart failure 
therapy of cardiotoxicity. Findings showed that most cardio-
toxicity following anthracycline-containing therapy occurred 
within the first year and was related to end-of-treatment an-
thracycline dose and LVEF. Among the top 10 most highly cit-
ed articles, 8 were on the study of ACT, of which 4 were on 
the related gene prediction of ACT, 3 were on the risk factors 
of ACT, and 1 article was a monitoring guideline for the ACT. 
Therefore, it can be speculated that the cardiotoxicity caused 
by anthracycline anti-tumor drugs has received the most at-
tention and is the current research hotspot.

Analysis of Subject categories, Journals, and Cited Journals

According to the content classification of the Web of Science 
database, 298 articles were spread across 57 specific subject 

categories. The top 3 subject categories by number of articles 
were Oncology (86 records, 28.859%), Pediatrics (65 records, 
21.812%), and Pharmacology Pharmacy (50 records, 16.779%). 
In general, the cardiotoxicity of pediatric cancer drugs has been 
a hot topic of research.

The division of Journal Citation Report (JCR) is based on the im-
pact factor of journals included in SCI (Science Citation Index). 
JCR profiles include impact factor (IF), category, ranking, and 
quartile (Q), which represent a journal’s position and influence 
in the scholarly communication network. In total, 298 articles 
in this study were published in 200 journals. The top 10 most 
productive journals on DICT in children are listed by the num-
ber of publications in Table 2. Among the top 10 most pro-
ductive journals, 6 publishers of these journals were from the 
United States, 3 were from the UK, and 1 was from Germany. 
Eight of the top 10 journals belong to the oncology journal 
category. Pediatric Blood Cancer ranked first in the frequency 
of the journals (13 records) and H-index ranking (10). Journal 
of Clinical Oncology ranked first in the IF ranking (IF 50.717), 
total citations (512 times), and average citations (128 times). 
Four journals belong to Q1 in the JCR quartile, and more in-
formation on DICT in children can be found in these journals.

The top 10 most cited journals with the highest frequency and 
centrality of DICT in children are listed in Table 3. The most fre-
quently cited journal was the New England Journal of Medicine 
with 169 citations (IF: 176.079), followed by the Journal of Clinical 
Oncology (145 citations, IF: 50.717) and Cancer (145 citations, 
IF: 6.921). In terms of centrality, the American Heart Journal 
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Figure 2. �Annual publications and annual citations on drug cardiotoxicity in children from 1990 to 2022.
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ranked first with a centrality of 0.23, the Annals of Internal 
Medicine ranked third in centrality with 0.15 and fifth in cita-
tion frequency with 88 citations. The top 10 most cited jour-
nals with the highest frequency and centrality of DICT in chil-
dren were all located in the United States and the UK. Taking 
the above results into consideration, it can be noted that stud-
ies on cardiotoxicity in children are mainly concentrated in a 
few developed countries such as the United States and the UK.

Analysis of the Productive Countries/Regions, Institutions, 
and Authors

Table 4 lists the top 5 most countries/regions, institutions, 
and authors on DICT using the country/institution/author 

co-occurrence network function in CiteSpace, and Figure 3 
shows the cooperation networks conducted by using VOSviewer. 
Studies on DICT in children were conducted in 55 countries, re-
sulting in 70 connections (Figure 3A). The top 5 countries pub-
lished 218 articles accounting for 73.15%. The United States 
(117 records) ranked first in the number of publications by an 
absolute advantage, followed by Canada (28 records) and the 
Netherlands (25 records). Simultaneously, the United States 
led the research with the highest centrality of 0.39, an h-in-
dex of 34, and total citations of 4055. Canada got the highest 
average citations of 57.54 among the 55 countries. We found 
that the influence of the United States was highly promi-
nent, with a centrality of 0.39, followed by the Netherlands, 
with a centrality of 0.20, which ranked 3rd in the number of 

Rank Author Title Year Journal
Total 

citations

Annual 
average 
citations

1 Cardinale, D Early detection of anthracycline cardiotoxicity and 
improvement with heart failure therapy [29] 

2015 Circulation 689 86.13

2 Lipshultz, SE Female sex and higher drug dose as risk factors 
for late cardiotoxic effects of doxorubicin therapy 
for childhood cancer [60] 

1995 New England 
Journal of 
Medicine

547 19.54

3 Steinherz, LJ Guidelines for cardiac monitoring of children 
during and after anthracycline therapy: report of 
the Cardiology Committee of the Children Cancer 
Study Group [61] 

1992 Pediatrics 272 8.77

4 Visscher, H Pharmacogenomic Prediction of Anthracycline-
Induced Cardiotoxicity in Children [38]

2012 Journal of 
Clinical 

Oncology

251 22.82

5 Jensen, B V Functional monitoring of anthracycline 
cardiotoxicity: a prospective, blinded, long-term 
observational study of outcome in 120 patients 
[62] 

2002  Annals of 
Oncology

230 10.95

6 Creutzig, U Treatment strategies and long-term results in 
pediatric patients treated in 4 consecutive AML-
BFM trials [63] 

2005  Leukemia 173 9.61

7 Aminkeng, F A coding variant in RARG confers susceptibility to 
anthracycline-induced cardiotoxicity in childhood 
cancer [40] 

2015 Nature Genetics 139 17.38

8 Visscher, H Validation of variants in SLC28A3 and UGT1A6 
as genetic markers predictive of anthracycline-
induced cardiotoxicity in children [39] 

2013 Pediatric Blood 
& Cancer

108 10.8

9 Lipshultz, SE Absence of cardiac toxicity of zidovudine in infants 
[64] 

2000 New England 
Journal of 
Medicine

102 4.43

10 Kuffel, MJ Anthracyclines and their C-13 alcohol metabolites: 
growth inhibition and DNA damage following 
incubation with human tumor cells in culture [65] 

1992 Cancer 
Chemotherapy 

and 
Pharmacology

98 3.16

Table 1. Top 10 highly cited articles on DICT in children by the number of citations.
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publications (Table 4). Figure 3A reveals that there was an ab-
sence of academic exchanges between countries with abun-
dant publications and countries with weak publications.

The top 5 institutions published 47 articles accounting for 
15.77%. The University of British Columbia ranked first with 
12 records. Children’s Hospital got the highest total citation 
of 1506 and the highest average citation of 136.91 (Table 4). 
Figure 3B shows that the research of various institutions was 
relatively scattered, and the degree of cooperation was rela-
tively low and needs to be strengthened.

A total of 1863 authors were filtered out in this study. The top 5 
authors published 42 articles, accounting for 14.09% (Table 4). 

Carleton BC ranked first with 10 published articles, followed 
by Rassekh SR (9 articles), Lipshultz SE (8 articles), Ross CJD 
(8 articles), and Hayden MR (7 articles). Two authors, Lipshultz 
SE from the State University of New York (SUNY) System and 
Hayden MR from the University of British Columbia, had the 
highest average citations of 120 and 91.57, respectively, which 
demonstrated that they have made great achievements in the 
study of DICT and that their publications were of high aca-
demic value. The visualization analysis of the authors’ coop-
eration in Figure 3C shows that the research group centered 
on Carleton BC, who was from British Columbia Children Hosp 
& Res Inst, published a large number of papers and cooperat-
ed closely. Only 1 author appeared after using the burst func-
tion of CiteSpace, also Carleton BC (burst strength 3.04), and 

Rank Journal Number Country h-index
Total 

citations
Average 
citations

JCR

IF 
2021*

Category Rank Quartile

1 Pediatric 
Blood 
Cancer

13 United 
States

10 423 32.54 3.838 Hematology
Oncology
Pediatrics

39/78
141/245
30/130

Q2
Q3
Q1

2 Journal of 
Pediatric 

Hematology 
Oncology

6 United 
States

5 111 18.5 1.17 Hematology
Oncology
Pediatrics

73/78
238/245
119/130

Q4

3 Cancer 5 United 
States

5 270 54 6.921 Oncology 55/245 Q1

4 Cancer 
Chemotherapy 

and 
Pharmacology

4 Germany 4 130 32.5 3.288 Oncology
Pharmacology & 
Pharmacy

168/245
159/279

Q3

5 Clinical 
Toxicology

4 United 
States

3 17 4.25 3.737 Toxicology 37/94 Q2

6 Journal of 
Clinical 

Oncology

4 UK 4 512 128 50.717 Oncology 6/245 Q1

7 Leukemia 4 UK 4 288 72 12.883 Hematology
Oncology

7/78
22/245

Q1

8 Malaria 
Journal

4 United 
States

2 54 13.5 3.469 Infectious 
Diseases
Parasitology
Tropical 
Medicine

64/94

12/39
8/24

Q3

Q2
Q2

9 Medical and 
Pediatric 
Oncology

4 United 
States

4 256 64 1.649 Oncology
Pediatrics

87/123
19/73

Q3
Q2

10 Pediatric 
Hematology 

and Oncology

4 UK 3 60 15 2.104 Hematology
Oncology
Pediatrics

69/78
221/245
85/130

Q4
Q4
Q3

Table 2. Top 10 most productive journals on DICT in children by the number of publications.

* IF in the category according to Journal Citation Reports (2021). IF – impact factor.
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the author’s number research articles on DICT in children in-
creased significantly between 2012 and 2015.

Keyword Co-Occurrence Network Analysis

Research hotspots are scientific issues or topics discussed by 
a relatively large group of papers that are of common concern 
to a large number of scholars in a certain field during a cer-
tain period [30]. Keywords are the refined expression of re-
search topics and contents of academic papers, and the key-
word co-occurrence network can reflect the current research 
hotspots in a certain field, and which have been produced in 
the past [27]. Keywords with high centrality represent the sta-
tus and influence of relevant research content in the research 
field, while keywords with high frequency represent hot top-
ics in a research field [31]. Through the co-occurrence analy-
sis of keywords by using CiteSpace, a total of 1683 keywords 
and 12156 connections were obtained in this study. The top 
10 high-frequency keywords were: children (76 times), acute 
lymphoblastic leukemia (43 times), childhood cancer (42 times), 
cardiotoxicity (41 times), toxicity (33 times), therapy (32 times), 
breast cancer (29 times), heart failure (26 times), childhood (24 
times), and risk factor (23 times). The top 10 high-centrality 

keywords were: children (0.43), cardiotoxicity (0.26), breast 
cancer (0.19), toxicity (0.16), acute lymphoblastic leukemia 
(0.15), childhood cancer (0.13), chemotherapy (0.12), double-
blind (0.11), Adriamycin (0.09), and clinical cardiotoxicity (0.09). 
The top 10 high-frequency and high-centrality keywords in-
dicated that they were the most popular elements (more de-
tails are provided in Supplementary Table 1). Figure 4A visu-
alizes the co-occurrence map of keywords by using CiteSpace. 
Through in-depth analysis of high-frequency and high-central-
ity keywords, it can be inferred that cardiotoxicity caused by 
chemotherapy drugs for the diseases of children’s blood-re-
lated cancer were research hotspots. Among them, the car-
diotoxicity of chemotherapy drugs for the treatment of acute 
lymphoblastic leukemia was widely studied.

Cluster analysis is an exploratory analysis that can automat-
ically classify sample data to obtain the distribution of the 
data, which is convenient to observe the characteristics of 
each cluster’s data [32]. The present study used the LLR (log-
likelihood ratio) algorithm in CiteSpace to cluster closely re-
lated keywords, assign a value to each cluster, and select the 
category label with the highest value in the same cluster. A to-
tal of 13 clusters were formed in this study, and the clustering 

Rank Frequency Cited Journal
IF 

2021*
Country Rank Centrality Cited journal

IF 
2021*

Country

1 169 New England 
Journal of Medicine

176.079 United 
States

1 0.23 American Heart 
Journal

5.099 United 
States

2 145 Journal of Clinical 
Oncology

50.717 United 
States

2 0.22 Annals of Oncology 51.769 UK

3 145 Cancer 6.921 United 
States

3 0.15 Annals of Internal 
Medicine

51.598 United 
States

4 110 Circulation 39.918 United 
States

4 0.14 American Journal 
of Medicine 

5.928 United 
States

5 88 Annals of Internal 
Medicine

51.598 United 
States

5 0.13 British Journal of 
Haematology

8.615 UK

6 80 Journal of the 
American Medical 

Association

157.335 United 
States

6 0.12 Cancer 6.921 United 
States 

7 77 Lancet 202.731 UK 7 0.12 Biochemical 
Pharmacology

6.1 United 
States

8 72 Journal of the 
American College of 

Cardiology

27.203 United 
States

8 0.11 Blood 25.476 United 
States

9 64 Cancer Research 13.312 United 
States

9 0.10 Archives of 
Internal Medicine

17.333 United 
States

10 63 Pediatrics 9.703 United 
States

10 0.09 British Heart 
Journal

2.915 UK

Table 3. The top 10 most cited journals with the highest frequency and centrality of DICT in children.

* IF in the category according to Journal Citation Reports (2021). IF – impact factor.
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modularity Q was 0.5571. Figure 4B shows the visualization of 
the keywords by using CiteSpace. The cluster named apopto-
sis was the largest and contained 66 keywords, and the top 5 
keywords were apoptosis, oxidative stress, age, DNA damage, 
and association. More details of the 13 clusters are shown in 
Supplementary Table 2. The silhouette (S) values of the 13 
clusters in our study were all above 0.7, indicating that the re-
sults were credible and significant [33]. Before 2000, research 
was mainly focused on “doxorubicin cardiotoxicity” in clus-
ter 9 and “acute myelogenous leukemia” in cluster 5, where-
as “apoptosis” in cluster 0, “multidrug resistance” in cluster 
1, “cardiac” in cluster 2, “childhood cancer” in cluster 3, and 
“intrapleural chemotherapy” in cluster 11 were the major ar-
eas of interest after 2008. Interestingly, no new clustering has 
appeared in the past decade.

Analysis of Keywords with Citation Bursts

Using the keyword burst function of CiteSpace, a total of 13 
burst keywords were detected in this study, and the results 
are shown in Table 5. The burst of high-frequency keywords 
can be roughly divided into 2 stages in 2012 as the bound-
ary: the first stage was the basic research stage (1992-2012). 
The frontiers of research during this period focused on the 

cardiotoxicity induced by doxorubicin in the treatment of child-
hood cancer, the pharmacokinetics of cardiotoxic drugs, surviv-
al in adulthood, and cardiotoxicity induced by tricyclic antide-
pressants; the second stage was the in-depth research stage 
(2012-2022). Research hotspots during this period focused on 
the action mechanism of cardiotoxic drugs, primarily oxida-
tive stress and systemic inflammation, both of which contrib-
ute to progressive cardiomyopathy and heart failure [34]. In 
the most recent 3 years, researchers in the United States have 
paid great attention to the study of DICT in children.

Discussion

This is the first study to use bibliometrics and visualization in-
formation techniques to reveal the development, evolution, and 
main research focus of pediatric cardiotoxicity. The results of 
this study show that the number of publications and citations 
increased generally from 1990 to 2020, but it decreased signif-
icantly from 2021. This trend can be explained by the follow-
ing 3 reasons: Firstly, insufficient attention was paid to DICT in 
children. The growing number of publications on DICT in adults 
indicated that attention to the pediatric population was weak. 
Regarding children as a special group, the development and 

Scale Rank Names Records
Proportion 

(%)
Centrality h-index

Total 
citations

Average
citations

Country/
Region

1 USA 117 39.26 0.39 34 4055 34.66

2 Canada 28 9.40 0.14 15 1611 57.54

3 Netherlands 25 8.39 0.20 13 912 36.48

4 England 24 8.05 0.11 15 1061 44.21

5 Germany 24 8.05 0.08 12 893 37.21

Institution 1 University of British 
Columbia

12 4.03 0.04 11 671 55.92

2 Children’s Hospital 11 3.69 0.08 7 1506 136.91

3 St. Jude children’s 
Research Hospital

8 2.68 0.01 6 77 9.63

4 Stanford University 8 2.68 0.01 7 351 43.88

5 University of Texas 
System

8 2.68 0.01 12 173 21.63

Author 1 Carleton BC 10 3.36 0.07 7 653 65.3

2 Rassekh SR 9 3.02 0.03 6 598 66.44

3 Lipshultz SE 8 2.68 0.02 8 960 120

4 Ross CJD 8 2.68 0.00 6 588 73.5

5 Hayden MR 7 2.35 0.00 6 641 91.57

Table 4. Top 5 productive countries/regions, institutions, and authors on DICT in children.
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clinical trials of children’s drugs have always been a problem 
due to economic, legal, and ethical restrictions, which hinder 
the study of cardiotoxicity in children. Secondly, advances in 
genomic analysis and clinical use of tumor immune-target-
ing agents reduced the use of traditional cardiotoxic chemo-
therapy drugs, which led researchers to pay less attention to 
this topic [35]. Thirdly, research stagnation was due to the ar-
eas that have been explored over the years. The research fo-
cus has always been on the anti-tumor field, and some other 
drugs that can induce cardiotoxicity have not attracted wide-
spread attention, such as macrolide antibiotics [7], and chloro-
quine/hydroxychloroquine [36]. Most of them were only case 
reports or in vitro studies and there has been a lack of in-depth 
clinical research. Finally, the COVID-19 outbreak changed re-
searchers’ focus and prevented research from going smoothly.

Deep collaborative relationships can establish academic net-
works, spark innovative ideas and theories, generate new 
knowledge, and promote the in-depth development of scien-
tific research [37]. The United States was the leading country 
with an overwhelming advantage in terms of the number of 
publications, and it was also highly prominent in terms of ar-
ticle quality and influence. Our findings show that the United 
States had developed small-group cooperation, but there was 
a lack of cooperation between countries and an absence of ac-
ademic exchanges between countries with abundant publica-
tions and countries with few publications. The same was true 
for research institutions, with countries just forming their own 
research teams, and academic collaboration networks have yet 
to be established. Based on the current situation, exchanges 
and cooperation among different countries and institutions 
should be strengthened, and the research results on DICT in 

C

Figure 3. �Cooperation among different countries/regions, institutions and authors. (A) Co-occurrence network map of countries/
regions. Of the 55 countries, Figure A detailed 17 with more than 5 publications. (B) Co-occurrence network map of 
institutions. Of the 671 institutions, Figure B shows 18 with more than 5 publications. (C) Co-occurrence network map of 
authors. Of the 1863 authors, Figure C shows 96 with more than 2 publications.
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Figure 4. �Co-occurrence knowledge graph of the keywords. (A) Visualization analysis of the keywords on drug-induced cardiotoxicity 
in children. Each circle represents a keyword; the larger the circle, the higher frequency of a keyword. The line between 
keywords represents the relationship between the 2; the thicker the line, the stronger the relationship. (B) Clusters analysis 
of the keywords on drug-induced cardiotoxicity in children. Each colored blob represents a cluster. The label number of 
clusters ranges from 0 to 12; and the smaller the cluster label number, the more keywords the cluster contains.
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different regions and different disciplines should be shared to 
promote the continuous deepening and progress of research.

The most productive author was BC Carleton from Canada who 
established a research team and formed close collaboration with 
others. The main research direction of the author’s research 
team was the pharmacogenomics study of ACT in children. They 
assessed these in genotype-guided established risk prediction 
models and searched for ACT-related gene variants in pediatric 
cancer patients to identify ACT early [38-42]. These research re-
sults can be used to identify high-risk patients who can then be 
provided with safer treatment options. It is worth noting that 
although individual authors have made great achievements 
and personal academic influence, cooperation between highly 
productive authors was relatively weak, and cooperative rela-
tionships among authors were on a small scale, usually occur-
ring between colleagues. Our findings demonstrate that there is 
no leader in this field yet, which is identical to the findings for 
countries and institutions. A collaborative academic network is 
urgently needed to conduct more research on DICT in children 
and improve the safety of drugs used in children.

The increased number of burst keywords in the citation and 
the increased frequency of keywords over a certain peri-
od were the indicators for evaluating the most cutting-edge 
themes or emerging trends [30]. We detected that “acute lym-
phoblastic leukemia” and “childhood cancer” were the most 

popular keywords, which can be explained by epidemiolo-
gy and therapeutic drug characteristics. Leukemia is one of 
the most common pediatric cancers, and acute lymphoblastic 
leukemia (ALL) is the most common diagnostic pathology in 
childhood leukemia [14,43]. Anthracyclines have been widely 
used in children to treat ALL and other cancers, with 50-60% 
of childhood cancer patients receiving an anthracycline-con-
taining regimen during treatment [44]. Whereas cardiotoxici-
ty as one of the primary adverse effects limited the duration 
and/or intensity of treatment [45], approximately 65% of an-
thracycline-treated cancer survivors have evidence of myocar-
dial dysfunction [46]. Although several molecular mechanisms 
have been proposed, such as oxidative stress, autophagy, mi-
tochondrial damage, apoptosis, ferroptosis, and pyroptosis 
[47-50], the exact mechanism of ACT remains unclear [11]. 
Over the years, the molecular mechanisms of DICT, such as ox-
idative stress response, apoptosis, and protein carbonylation, 
have been extensively studied. The research trend was a step-
by-step progression from clinical studies to mechanisms of ac-
tion to genetic polymorphisms to predict cardiotoxicity risk. 
With the widespread clinical use of targeted agents, research-
ers also noticed their adverse cardiac effects, such as trastu-
zumab, which has been shown to cause cardiotoxicity in the 
treatment of breast cancer [51].

As we can see from the overall change tendency of burst key-
words, research hotspots have experienced a transition to 

Keywords Strength Begin End 1990-2022

Adriamycin cardiotoxicity 3.52 1992 1998 ▂▂▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Childhood 3.53 1995 2002 ▂▂▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Pharmacokinetics 2.67 2003 2009 ▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Doxorubicin therapy 2.68 2006 2010 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂ 

Risk factor 2.51 2007 2020 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▃▃▃▃▃▃▂▂ 

Tricyclic antidepressant 2.55 2010 2011 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▂▂▂▂▂▂▂▂▂▂▂ 

Adult survivor 3.34 2012 2017 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▂▂▂▂▂ 

Childhood cancer 2.67 2013 2017 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▂▂▂▂▂ 

Heart failure 2.55 2014 2016 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▂▂▂▂▂▂ 

Oxidative stress 2.74 2015 2019 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▂▂▂ 

Cardiac dysfunction 2.56 2016 2022 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃ 

Induced cardiotoxicity 3.47 2018 2022 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

American society 2.7 2019 2022 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Table 5. Top 13 keywords with the strongest citation bursts on DICT in children.

The years between “Begin” and “End” indicate the duration of a keyword burst. The red line segment represents the time of the 
keyword burst, and the blue line segment indicates the time interval. Software: CiteSpace, version 5.8.R3 (64-bit), developed by 
Chaomei Chen, Drexel University.
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Cardiotoxic drug

Common forms
of cell death

Anthracyclines (Doxorubicin, Epirubicin)
Non-steroidal (Diclofenac)
Cardiac glycosides (digoxin)
Cocaine, Roxithromycin, Isoproterenol
Proteasome inhibitors (Car�lzomib)
Antihistamines (astemizole, terfenadine)

Other regulated
cell death forms

Cardiac injury
Cardiomyocyte death

Necroptosis
Pyroptosis
Ferroptosis

Death receptor TNFRl plays a key role
In�ammatory caspases cleave GSDMD
TLR4 and NOX4 alleviated ferroptosis

Oxidative stress
Mitochondrial damage
Calcium homeostasis disorder
Cardiomyocyte apoptosis and necrosis
Autophagy dysfunction
hERG K+

Figure 5. Molecular mechanisms of drug-induced cardiotoxicity.

precision medicine. From 1992 to 2012, the pharmacokinetics 
of cardiotoxic drugs was the research frontier. At this stage, 
the researchers studied the pharmacokinetic characteristics of 
cardiotoxic drugs by monitoring blood-drug concentrations or 
building mixed-effect models, to reduce or avoid the occur-
rence of cardiotoxicity by adjusting the administration meth-
od according to the drug’s PK/PD (pharmacokinetics and phar-
macodynamics) [52,53]. In the following period (2012-2022), 
the molecular mechanism of DICT in childhood cancer was 
the research frontier. At this stage, experimental and clinical 
studies had shown that oxidative stress was the main molec-
ular mechanism of ACT. Investigators continued to conduct 
intensive studies to elucidate the molecular pathogenesis of 
ACT to discover new cardioprotective agents against ACT [54]. 
Although more than a dozen forms of cell death have been 
discovered to date, the most common forms of cell death in 
DICT are apoptosis, autophagy, and necrosis [6,55]. Moreover, 
some new forms of programmed cell death, such as necrop-
tosis, pyroptosis, and ferroptosis, have also been shown to be 
the pathological mechanism of DICT [56] (Figure 5).

DNA damage and biomarker detection of DICT were the fron-
tiers in recent years. Researchers had carried out many studies 
from the perspective of genomics to find biomarkers of DICT 
[57], and genetic testing can help predict an individual’s risk of 
experiencing ACT [58]. With the continuous deepening of cell 
molecular biology and the progress of experimental technolo-
gy, there is increasing emphasis on the early application of bio-
markers to detect cardiotoxicity at a stage before it becomes 
irreversible. Nanoparticles, microRNA, myeloperoxidase, and 

markers of extracellular matrix turnover have been proven to 
be more specific relative to troponin and natriuretic peptides 
for detecting both acute and chronic effects of anthracyclines 
and other chemotherapy regimens [59]. Different biomarkers 
have different specificities to cardiotoxicity induced by differ-
ent drugs; therefore, the use of combinations of biomarkers 
will be pivotal for future strategies defining the extent of the 
use of cardioprotective measures. It is speculated that identi-
fying related novel biomarkers and targets of DICT in children 
will be the research hotspots in the future. Consequently, we 
can expect more research into these areas in the future, ear-
ly detection of the potential cardiotoxicity of drugs, guidance 
on the clinical use of cardiotoxic drugs safely in children, and 
development of specific cardiac protectants.

The present study has certain limitations. First, we only re-
trieved and collected publication data from the WoSCC data-
base, and publications in other databases, such as PubMed 
and Scopus, may not have been included. Moreover, many 
countries are unable to publish in WOS journals due to finan-
cial constraints. Despite the great achievements in research 
in these countries, their publications are largely unread or are 
only accessed by limited communities. To fill this gap, another 
study aimed at systematically analyzing non-SCI papers, such 
as Chinese papers, is needed to provide a comprehensive over-
view of papers related to DICT in children from a bibliometric 
perspective. Second, our study only included articles in English, 
which may have overlooked some important studies published 
in other languages. Thirdly, our retrieval time was up to April 
20, 2022, due to the constant publication of new papers, and 
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our study could not include more recently published articles. 
Nonetheless, we believe that the study included the vast ma-
jority of publications and that even if some data were omit-
ted, the conclusions of the study are valid.

Conclusions

This study provides a comprehensive overview of the knowledge 
structure, development landscape, and future opportunities for 
DICT in children. There has been increasing attention on DICT 
from 1990 to 2020, but it has declined in the last 2 years. Our 
results indicate that there was insufficient attention to DICT in 
the pediatric population. The vast majority of studies have been 
focused on the cardiotoxicity of chemotherapeutic drugs, es-
pecially anthracyclines-induced cardiotoxicity (ACT), which had 
the most research interest, while concerns about the cardiotox-
icity of other drugs have been ignored. The United States was 
the major contributor both in quality and quantity, but there 
was a lack of cooperation among countries and an absence of 
academic exchanges among countries with abundant publica-
tions and countries with weak publications. The same was true 
for research institutions, which just formed their own research 
teams, and the degree of cooperation was relatively low. DNA 

damage and biomarker detection of DICT were the frontiers in 
recent years. More attention to these topics is needed, including 
pharmacogenomics, apoptosis, DNA damage, oxidative stress, 
systemic inflammation, and biomarkers, which have great po-
tential to continue to be research hotspots in the near future. 
The use of combinations of biomarkers will be pivotal for fu-
ture strategies for defining the extent of use of cardioprotective 
measures. In conclusion, this study provides a comprehensive 
bibliometric analysis of DICT in children from a global perspec-
tive, and it can serve as a breakthrough point for researchers 
and policymakers worldwide to identify and contribute to the 
growing scientific work in this area.
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Supplementary Tables

Rank Frequency Keywords Centrality Keywords

1 76 Children 0.43 Children

2 43 Acute lymphoblastic leukemia 0.26 Cardiotoxicity

3 42 Childhood cancer 0.19 Breast cancer

4 41 Cardiotoxicity 0.16 Toxicity

5 33 Toxicity 0.15 Acute lymphoblastic leukemia

6 32 Therapy 0.13 Childhood cancer

7 29 Breast cancer 0.12 Chemotherapy

8 26 Heart failure 0.11 Double blind

9 24 Childhood 0.09 Adriamycin

10 23 Risk factor 0.09 Clinical cardiotoxicity

Supplementary Table 1. The top 10 keywords of drug-induced cardiotoxicity in children.
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Cluster 
ID

Size Silhouette
Mean 
year

Top terms 
(LSI)

Top terms 
(long likelihood ratio, LLR)

Top terms 
(mutual information, MI)

0 66 0.831 2008 Genetic polymorphism; 
leukemia; visualization; 
children; high risk | 
oxidative stress; cumulative 
dose; arterial stiffness; 
leukemia; protein 
carbonylation

Apoptosis (11.67, 0.001); 
oxidative stress (11.67, 
0.001); age (7.77, 0.01); 
DNA damage (7.77, 0.01); 
association (7.77, 0.01)

Arterial stiffness (0.59); 
protein carbonylation 
(0.59); erythrocyte 
glutathione (0.59); pulse 
wave analysis (0.59); 
acetyl-l-carnitine (0.59)

1 54 0.839 2008 Cancer; therapy; 
cardiotoxicity; childhood; 
doxorubicin | acute 
lymphoblastic leukemia; 
leukocyte count; 
continuous intravenous 
infusion; congestive 
heart; radionuclide 
ventriculography

Multidrug resistance (7.58, 
0.01); side effects (7.58, 
0.01); acute lymphoblastic 
leukemia (5.79, 0.05); 
cancer (4.44, 0.05); therapy 
(4.04, 0.05)

beta-agonist-associated 
myocardial injury (0.62); 
transgenic mice (0.62); 
phosphorylation (0.62); 
prevention (0.62); life 
support (0.62)

2 52 0.821 2009 Inorganic pyrophosphatase; 
drug; bacillus subtili; 
calcium; hydride generation 
| children; overdose; 
reversal; naloxone; toxicity

Cardiac (6.69, 0.01); toxicity 
(6.62, 0.05); hydride 
generation (5.16, 0.05); 
sb(iii) (5.16, 0.05); nuclear 
cardiology (5.16, 0.05)

Hydride generation (0.26); 
sb(iii) (0.26); nuclear 
cardiology (0.26); bone 
marrow transplant (0.26); 
hypothermia (0.26)

3 51 0.777 2009 Childhood cancer; 
breast cancer; renal cell; 
long term; pulmonary 
arterial | late effects; 
congestive heart failure; 
genetic susceptibility; 
haematopoietic cell 
transplantation; clinical 
heart

Childhood cancer (11.41, 
0.001); anthracycline-
induced cardiotoxicity 
(8.37, 0.005); 
trastuzumab (8.37, 0.005); 
pharmacogenomics (8.37, 
0.005); adult survivor (8.37, 
0.005)

Breast cancer patient 
(0.49); hematopoietic 
stem cell transplantation 
(0.49); dna deletion 
(0.49); congenital heart 
disease (0.49); late-onset 
cardiotoxicity (0.49)

4 49 0.823 2003 Children; arrhythmia; 
histamine; duration; 
refractoriness | plasmodium 
falciparum; artemisinin 
resistance; prolonged 
treatment; drug utilization; 
clinical pharmacology

Malaria (12.06, 0.001); 
children (8.84, 0.005); 
torsade de pointe (8.37, 
0.005); combination 
therapy (8.37, 0.005); 
efficacy (8.37, 0.005)

Liver microsm (0.49); 
topotecan (0.49); 
exposure (0.49); human 
immunodeficiency virus 
(0.49); cardiac arrhythmias 
(0.49)

5 49 0.821 1999 Lymphoblastic disease; 
relapsed t-cell; childhood 
t-cell; t-cell acute 
lymphoblastic leukemia; 
refractory leukemia | 
long-term follow-up; late 
relapse; ewings sarcoma; 
neoadjuvant chemotherapy; 
multidrug resistance

Acute myelogenous 
leukemia (12.05, 0.001); 
cytarabine (6.01, 0.05); 
late relapse (6.01, 0.05); 
refractory leukemia (6.01, 
0.05); aml therapy (6.01, 
0.05)

Cytarabine (0.15); late 
relapse (0.15); refractory 
leukemia (0.15); 
aml therapy (0.15); 
retinoblastoma (0.15)

6 41 0.845 2004 Binding; protein; 
contraction; intracellular 
free calcium; ryanodine 
receptor | toxicity; 
lignocaine; anesthesia; 
children; pharmacokinetics

Binding (11.89, 0.001); 
outcomes (5.93, 0.05); drug 
resistance (5.93, 0.05); 
tumor cell line (5.93, 0.05); 
critical care (5.93, 0.05)

Outcomes (0.16); drug 
resistance (0.16); tumor 
cell line (0.16); critical 
care (0.16); biochemical 
pharmacology (0.16)

Supplementary Table 2. Summary of the largest 13 keywords clusters.
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Cluster 
ID

Size Silhouette
Mean 
year

Top terms 
(LSI)

Top terms 
(long likelihood ratio, LLR)

Top terms 
(mutual information, MI)

7 39 0.817 2000 Drug cardiotoxicity; hiv-
associated pulmonary 
hypertension; risk 
groups; hiv-associated 
cardiomyopathy; viral 
myocardial infection 
| childhood cancer; 
congestive heart; late 
potential; recurrent breast 
cancer; drug cardiotoxicity

Pregnancy (9.99, 0.005); 
nitric oxide synthase 
(4.98, 0.05); autoimmunity 
(4.98, 0.05); angiotensin-
converting enzyme 
inhibition (4.98, 0.05); 
palliative care (4.98, 0.05)

Nitric oxide synthase (0.29); 
autoimmunity (0.29); 
angiotensin-converting 
enzyme inhibition (0.29); 
palliative care (0.29); 
anthracycline cardiotoxicity 
(0.29)

8 39 0.824 2003 Breast cancer; 
cardiovascular events; 
incidence rates; toxicity; 
guinea pig | cardiotoxicity; 
index; toxicity; guinea pig; 
soft tissue

icrf 187 (5.24, 0.05); rabbit 
(5.24, 0.05); leukemia – 
myelogenous – acute (5.24, 
0.05); bupivacaine (5.24, 
0.05); colchicine (5.24, 0.05)

icrf 187 (0.25); rabbit 
(0.25); leukemia – 
myelogenous – acute 
(0.25); bupivacaine (0.25); 
colchicine (0.25)

9 28 0.844 1996 Doxorubicin cardiotoxicity; 
chemotherapy 
complication; supportive 
care; poor prognosis 
leukemia; doppler 
echocardiography | poor 
prognosis leukemia; cardiac 
toxicity; high-risk leukemia; 
acute lymphoblastic 
leukemia; doppler 
echocardiography

Doxorubicin cardiotoxicity 
(14.81, 0.001); high-risk 
leukemia (6.36, 0.05); 
poor prognosis leukemia 
(6.36, 0.05); drug-related 
side effects and adverse 
reactions (6.36, 0.05); 
chemotherapy complication 
(6.36, 0.05)

High-risk leukemia 
(0.12); poor prognosis 
leukemia (0.12); drug-
related side effects and 
adverse reactions (0.12); 
chemotherapy complication 
(0.12); anthracycline 
chemotherapy (0.12)

10 27 0.984 2003 Fractal dimension; cardiac 
side effects; approximate 
entropy; tricyclic 
antidepressants; cognitive 
function | adverse event; 
allergic rhinitis; cognitive 
function; atopic child; 
fractal dimension

Approximate entropy 
(8.46, 0.005); cetirizine 
(8.46, 0.005); adverse event 
(8.46, 0.005); somnolence 
(8.46, 0.005); spectral (8.46, 
0.005)

Approximate entropy 
(0.03); cetirizine (0.03); 
adverse event (0.03); 
somnolence (0.03); spectral 
(0.03)

11 19 0.881 2009 Cancer; exercise 
echocardiography; 
doxorubicin; stress; 
childhood | leukemia; trial; 
4 demethoxydaunorubicin 
idarubicin; metabolite; 
children

Intrapleural 
chemotherapy (5.93, 
0.05); myohemoglobin 
(5.93, 0.05); intrathoracic 
chemotherapy (5.93, 0.05); 
doxorubicin toxicity (5.93, 
0.05); refractory (5.93, 0.05)

Intrapleural chemotherapy 
(0.16); myohemoglobin 
(0.16); intrathoracic 
chemotherapy (0.16); 
doxorubicin toxicity (0.16); 
refractory (0.16)

12 14 0.983 2000 Cardiac surgery; 
extracorporeal life 
support; supraventricular 
tachycardia; extracorporeal 
membrane oxygenation; 
digoxin fab fragments | 
digoxin fab fragments; 
cardiac glycosides; cardiac 
surgery; extracorporeal life 
support; supraventricular 
tachycardia

Digoxin fab fragments 
(8.76, 0.005); 
supraventricular 
tachycardia (8.76, 0.005); 
toad venom (8.76, 0.005); 
cardenolides (8.76, 0.005); 
extracorporeal membrane 
oxygenation (8.76, 0.005)

Digoxin fab fragments 
(0.03); supraventricular 
tachycardia (0.03); toad 
venom (0.03); cardenolides 
(0.03); extracorporeal 
membrane oxygenation 
(0.03)

Supplementary Table 2 continued. Summary of the largest 13 keywords clusters.
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