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Background: The topic of minimal residual disease (MRD) has emerged as a
crucial subject matter in the domain of oncology in recent years. The detection
and monitoring of MRD have become essential for the diagnosis, treatment, and
prognosis of various types of malignancy.

Aims: The purpose of this study is to explore the research trends, hotspots, and
frontiers of MRD in the last two decades through bibliometric analysis.

Methods: We employed Web of Science databases to carry out a bibliometric
visualization analysis of research on 8,913 academic papers about MRD research
from 2002 to 2022. VOSviewer, CiteSpace, RStudio, and a bibliometric online
analysis platform were mainly used to conduct co-occurrence analysis and
cooperative relationship analysis of countries/regions, institutions, journals, and
authors in the literature. Furthermore, co-occurrence, co-citation, and burst
analyses of keyword and reference were also conducted to generate relevant
knowledge maps.

Results: In the past 20 years, the number of MRD research papers has presented
an overall rising trend, going through three stages: a plateau, development, and
an explosion. The output of articles in the United States was notably superior and
plays a dominant role in this field, and the Netherlands had the highest average
citation per article. The most productive and influential institution was the
University of Texas MD Anderson Cancer Center. Blood published the most
papers and was the most cited journal. A collection of leading academics has
come to the fore in the research field, the most prolific of which is Kantarjian HM.
It was found that the application of MRD in "acute myeloid leukemia”, "acute
lymphoblastic leukemia”, "multiple myeloma“, as well as the detection
technology of MRD, are the research hotspots and frontiers in this domain.
Furthermore, we analyzed the co-citation network of references and found that
the top 10 co-cited references were all associated with MRD in hematological
malignancies.
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Conclusion: This bibliometric visualization analysis conducted a thorough
exploration into the research hotspots and trends in MRD from 2002 to 2022.
Our findings can aid researchers in recognizing possible collaborations, guiding
future research directions, and fostering the growth of MRD detection and
monitoring technologies.
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1 Introduction

Minimal residual disease (MRD) denotes the existence of
malignant cells that remain in the body of a cancer patient
following a particular treatment regimen, without clinical
symptoms or signs of disease, and is not detectable by cellular
morphology or routine screening methods. This elucidates the
reasons that the majority of patients who attain a state of the
complete response still relapse within years (1-3). MRD mainly
applies to hematological malignancies and solid tumors (4). The
detection and monitoring of MRD are essential in evaluating patient
conditions, predicting recurrence risk, and formulating treatment
plans to improve outcomes (5-7).

Detection of MRD primarily relies on real-time quantitative
polymerase chain reaction (RQ-PCR), multiparametric flow
cytometry (MFC), and next-generation sequencing (NGS). Among
these methods, RQ-PCR is a relatively sensitive technique, and its
monitoring targets include fusion genes (FGs), overexpressed genes,
and gene mutations (8), with measured levels ranging from 10 to 10
(9-11). However, due to the heterogeneity of target molecules, specific
primers and probes need to be designed, which limits their wider use
(12). MEC is a widely used approach to the detection of MRD, which
utilizes antibodies attached to particular markers upon the exterior of
cancer cells. Through the labelling of these cells with fluorescence, a
laser beam of flow cytometry can be used for analysis and
quantification. The advantage of this technique is its ability to
analyze multiple markers simultaneously with a sensitivity range of
10" to 10”°, making it a valuable tool for identifying MRD in different
types of cancer (13). The next-generation flow (NGF) developed by
the EuroFlow consortium, which incorporates an eight-color dual-
tube antibody panel assay, can analyze up to 10” cells concurrently,
with a sensitivity of 2x107°. In addition, NGF specimens need to be
tested immediately after collection and dilution, requiring a higher
degree of professionalism (14). NGS is a newer method for detecting
MRD that allows for the simultaneous analysis of thousands of genes.
It has high sensitivity and specificity and can detect MRD in patients
with various types of cancer. However, NGS is relatively expensive,
requires specialized equipment and expertise and has a long
equipment turnover cycle (15). The efficacy of these methods is
reliant on the genetic makeup of the tumor, the timing of detection,
and the sensitivity of the diagnostic tests. Hence, schemes that employ
a combination of test methods are likely to yield the most effective
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assessment results (16, 17). The recent focus on detecting and
monitoring MRD in various types of malignancy has prompted the
emergence of new MRD detection techniques and approaches,
expanding the research area in this field. MRD monitoring can be
utilized as an independent prognostic factor, and it is being
increasingly acknowledged that it constitutes a valuable endpoint for
cancer treatment or clinical trials (18, 19).

Bibliometric analysis is a quantitative method for analysing the
characteristics of published literature using statistical and
mathematical tools. This method provides insight into
developments and trends in a field of study. In this context, we
conducted a comprehensive collation of MRD research from 2002
to 2022 and identified the development trend and research hotspots
in this field. The literature was obtained from the Web of Science
(WoS) database and analyzed by visualization map software. This
study aims to better understand the current status of MRD research,
present research frontiers, and explore potential future research
directions. To provide a meaningful scientific reference for the
research and development of MRD monitoring.

2 Materials and methods
2.1 Research methods

Bibliometrics is an analytical approach that applies
mathematical and statistical methods to assess and illustrate
published literature on a particular subject (20). This research
method can obtain and analyze important information such as
the details of publication authors, keywords, institutions, countries,
and references. The results will help to understand the development
trend of a scientific field, research focus, and researcher cooperation
relationship (21). Furthermore, using computer technology to
present results graphically and visually can help to uncover
hidden relationships within the data and make the results more
comprehensive (22).

2.2 Data source and search strategy

This study delimits the scope of analysis, employs a strict
literature search strategy, and selects WoS as the data source. The
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WoS includes relevant material from a wide range of research fields
and is a high-quality digital database widely accepted by researchers
worldwide (23). It exceeds other databases in functionality and
complexity, with historically greater coverage (24). The process for
data retrieval and collection is shown in Supplementary Figure S1.
Data in this study were acquired from the Science Citation Index
Expanded (SCI-E) of the Web of Science Core Collection (WoSCC)
on November 22, 2022. For this particular study, the retrieval
strategy was to use “minimal residual disease” or “measurable
residual disease” or “molecular residual disease” as the subject
search term to guarantee the comprehensive and precise retrieval
of data. The search time range was from January 1, 2002, to October
30, 2022. Taking into account the completeness of the publication
information, the publication types were selected as articles and
review articles, and the language utilized in literatures was confined
to English for the purpose of facilitating analysis. Retrieved
publications were exported as plain text files with “full record and
cited references”, and these files were named “download.txt.”. At the
same time, all documents were exported in the tab-delimited file
(UTE-8) with “full record and cited references” to be uploaded to a
bibliometric online analysis platform to analyze trends of
publications in countries/regions, and international
collaborations. The data were searched, downloaded, and
analyzed by two independent researchers, and differences in
analysis between both were resolved through discussion with the
third researcher.

2.3 Statistical and visual analysis

Data visualization technology is a very important research
method and means in bibliometrics. In this way, the dynamics of
a subject can be explored, that is, the temporal mapping from its
knowledge base to the frontiers of research. VOSviewer and
CiteSpace are two frequently employed data visualization analysis
software programs. Using VOSviewer, a large-scale bibliometric
map can be constructed to reflect the importance of items such as
authors, keywords, institutions, and the strength of relationships
with adjacent items through label views, density views, cluster
density views and scatter views (25). CiteSpace is a Java
application for analysing and visualizing co-occurrence networks.
It can divide a time interval into several time slices, from which
individual co-citation networks can be obtained to highlight the
main changes between adjacent time slices (26). Moreover,
CiteSpace can detect and visualize trends and changes in science
over time (27).

Therefore, VOSviewer version 1.6.18 and CiteSpace version
6.1.4 were used as the main research tools in this study. In
addition, BiblioShiny, a software package running in RStudio, and
a bibliometric online analysis platform (https://bibliometric.com/)
were used as complementary methods. Our endeavor involved
bibliometric analysis of academic research on MRD that has been
published in the last 20 years utilizing the aforementioned tools.
Including the publication trends, the countries/regions’
performance and collaboration, the institutions” performance, and
the core journals, as well as the authors, and to discern the evolution

Frontiers in Oncology

10.3389/fonc.2023.1186198

of the research subject matter and uncover the changes in research
hotspots through keyword and reference analysis.

3 Results

3.1 Basic performance information and
publication trends

A total of 8,913 papers, including 6,663 articles and 2,250 review
articles, were included in this study. A total of 40,683 authors from
8,289 institutions in 86 countries/regions generated these articles,
which were published in 996 journals and cited 175,916 references
from 11,694 journals. The quantity and cumulative quantity of
publications issued during distinct periods can serve as an indicator
of the progression trajectory of this particular domain of inquiry.
From January 1, 2002, to October 30, 2022, the temporal
distribution of the identified 8,913 documents is illustrated in
Figure 1. In the past two decades, the development trend of
MRD-related publications can be broadly categorized into three
phases. There was no significant change in the number of
publications from 2002 to 2011, with an average of 273.7 articles
published per year, indicating that the development of MRD-related
research was slow during this period. From 2012 to 2018, the
number of publications experienced a gradual increase, and
research on MRD began to develop. The annual publication of
relevant papers has shown explosive growth, especially after 2018,
with an average annual increase of more than 100 papers for three
consecutive years, indicating that MRD research has garnered
increasing scholarly attention in recent years, leading to
unparalleled development in the field. Linear regression analysis
was carried out on the publication time of the literature and the
annual cumulative number of publications, R? ~ 0.9342. The model
fitting is of high quality and consistent with Price’s scientific
exponential growth law, which proposes that scientific metrics
increase exponentially with time (28). The above results suggest
that the relevant research on MRD is currently in a period of rapid
development and that the speed of achievement output and
literature publication is also accelerating.

3.2 Distribution of countries/regions

There were 86 countries/regions in MRD-relevant research in
the past two decades. The geographical distribution of major
countries/regions is shown in Figure 2A, with darker blue
representing a greater number of publications. Table 1 lists the
top 10 countries/regions for MRD-related articles. The United
States holds the top position in terms of the number of articles
(3,190 papers, 179,255 total citations, 56.19 average citations per
article), followed by Germany (1,456 papers, 104,112 total citations,
71.51 average citations per article) and Italy (1,078 papers, 67,837
total citations, 62.93 average citations per article). Although the
total number of publications ranked fourth, China (915 papers,
18,619 total citations, 20.35 average citations per article) has made
remarkable progress in the research output on MRD in recent years
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FIGURE 1

Distribution of publications on minimal residual disease (MRD) from 2002 to 2022.

and surpassed Italy and Germany in 2018 and 2019, respectively, to
become the second country in the number of publications
(Figure 2B). Meanwhile, the Netherlands had the highest average
citation per article, reaching 86.55. The top 10 countries/regions
with the most publications are mostly from Europe and the United
States, indicating that there are more achievements on MRD
research in these regions. Based on the WoS, the H-index is a
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FIGURE 2

(A) The geographical distribution map based on the total publications of major countries/regions. (B) The changing trends in the number of
publications in the top 10 countries/regions from 2002 to 2022. (C) The SCP and MCP in the top 10 corresponding author’s country/region.

(D) Collaboration network between countries/regions related to MRD.
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useful indicator to assess the impact and productivity of certain
countries/regions, institutions, or scientists in an academic field
(29). The H-index is a quantifiable metric of scholarly
accomplishment that can be succinctly defined as the number of
publications (h) that have garnered no less than h citations, with an
H-index of 30 indicating that a scientist has 30 publications cited no
less than 30 times. According to statistics, the top 3 countries/
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TABLE 1 The top10 countries/regions with most publications related to minimal residual disease (MRD).

Runk  Countries/ Publications = Citations Average  H-index Status of the Corresponding Author’s Country/region
regions Citations
Publications = Percentage SCP MCP MCP
Ratio

1 United States 3190 179255 56.19 185 2642 29.64 2114 528 19.98
2 Germany 1456 104112 71.51 152 925 10.38 663 | 262 28.32
3 Ttaly 1078 67837 62.93 114 738 8.28 585 153 20.73
4 China 915 18619 20.35 54 806 9.04 709 97 12.03
5 United Kingdom 813 63814 78.49 121 433 4.86 273 160 36.95
6 France 696 53098 76.29 101 379 425 264 | 115 30.34
7 Netherlands 572 49481 86.51 103 302 339 154 148 49.01
8 Spain 553 46974 84.94 98 303 3.40 234 69 22.77
9 Japan 455 24245 53.29 52 376 422 347 29 7.71
10 Australia 328 26211 79.91 66 177 1.99 119 58 32.77

SCP, single country/region publications; MCP, multiple country/region publications.

regions for the H-index are the United States (H-index = 185),
Germany (H-index = 152), and the United Kingdom (H-index
=121).

To further show the contribution of each country/region in the
field of MRD research, we also counted the distribution of the
corresponding author’s country/region. The United States remains
the most productive country (2,642 papers, accounting for 29.64%)
and outperforms other countries by a wide margin, followed by
Germany (925 papers, accounting for 10.38%) and China (806
papers, accounting for 9.04%) (Figure 2C). Single country/region
publications (SCP) stand for the number of publications co-
authored by authors from the same country, whereas multiple
country/region publications (MCP) stands for the number of
papers co-authored with authors from multiple countries.
According to the MCP ratio, the Netherlands, the United
Kingdom, Australia, France, and Germany rank high in terms of
international cooperation. However, although China and Japan

TABLE 2 The top 10 institutions with most publications related to MRD.

achieved good performance in this field of research, they are not
very active in participating in international cooperation, and their
main partners are the United States (Figure 2D).

3.3 Contributions of institutions

There were 8,289 institutions that contributed at least one
article in this area of research. Table 2 includes the top 10
institutions in terms of the number of publications in the field of
MRD research. Among them, the University of Texas MD
Anderson Cancer Center had the most published articles and the
highest H-index value (421 papers, accounting for 4.72%, 62.04
average citations per article, H-index =78), followed by Memorial
Sloan Kettering Cancer Center (253 papers, accounting for 2.84%,
76.39 average citations per article, H-index = 56) and University of
Washington (219 papers, accounting for 2.46%, 57.22 average

Institutions Publications ~ Percentage  Citations | Average Citations H-index  Country

1 Univ Texas MD Anderson Canc Ctr 421 4.72 26118 62.04 78 United States
2 Mem Sloan Kettering Canc Ctr 253 2.84 19327 76.39 56 United States
3 Univ Washington 219 246 12531 57.22 60 United States
4 Mayo Clin 208 233 11370 54.66 52 United States
5 St Jude Childrens Res Hosp 207 2.32 17230 83.24 66 United States
6 Fred Hutchinson Canc Res Ctr 194 2.18 20529 105.82 62 United States
7 Dana Farber Canc Inst 196 2.20 16197 82.64 54 United States
8 NCI 175 1.96 10163 58.07 47 United States
9 Peking Univ 164 1.84 3127 19.07 30 China

10 Univ Penn 162 1.82 11304 69.78 46 United States
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citations per article, H-index = 60). The average citation per article
of Fred Hutchinson Cancer Center was the highest, reaching 105.82,
suggesting that articles published by this institution are widely
followed. In addition, Peking University, as the only non-US
institution in the top 10, also had good performance (164 papers,
accounting for 1.84%, 19.07 average citations per article, H-index =
30), but the average number of citations per article and the H-index
were not high (Figure 3B). Figure 3A shows the world distribution
of the top 10 institutions in the field of MRD, 90% of which are in
the United States, indicating that scientific institutions in America
have played a crucial role in advancing progress in this domain.
These institutions have important academic prestige and authority
in various fields. Among them, the University of Texas MD
Anderson Cancer Center, Memorial Sloan Kettering Cancer
Center, and Mayo Clinic are the top 3 best hospitals for cancer
ranks by U.S. NEWS (https://health.usnews.com/best-hospitals/
rankings/cancer). VOSviewer produces a network visualization
map to show institutional collaboration. Each node represents
one institution, 103 institutions are presented in Figure 3C, and
at least 50 articles were published by them. The size of the nodes
depicted in the figure are indicative of the number of articles
published by the respective institutions, whereas the thickness of
the connecting lines denotes the degree of collaboration in
publishing between them. The institutions located in both Europe
and the United States engage in frequent and close cooperation with

each other.
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3.4 Journals and cited journals analysis

A total of 996 journals published these 8,913 papers. Bradford’s
Law states that if journals in a professional field are ranked in
decreasing order by the number of papers published, the resulting
list can be divided into core, related, and edge zones, each
containing an equal number of papers. At this time, the number
of core journals and other regional journals is proportional to 1: a:
a® (30). Therefore, using BiblioShiny, we found the core journals in
the field of MRD research (Figure 4A), and a total of 3,049 articles
were published in 14 core journals, accounting for 34.21% of all
publications. Blood published the most papers and had the highest
average number of citations per article (451 papers, accounting for
5.06%, 134.50 average citations per article, Q1), followed by
Leukemia (395 papers, accounting for 4.43%, 79.49 average
citations per article, Q1) and the British Journal of Haematology
(309 papers, accounting for 3.47%, 29.55 average citations per
article, Q1) (Table 3), which are the top journals in hematology
and oncology. The 14 core journals are all published in Europe or
the United States, with the United States and the United Kingdom
publishing the most journals (n = 5), followed by Switzerland (n =

2), Germany and Italy (n = 1 for each). Among journals that
published 125 or more articles, Journal of Clinical Oncology had the
highest impact factor (IF 2021 = 50.739), followed by Blood (IF
2021 = 25.669) and Leukemia (IF 2021 = 12.897). At the same time,

the H-index of these three journals is also in the top 3: Blood (H-

C pekigguniv
aim shalpa med ctr e
é;«n.ﬂ harvardpedgeh
uhose unjv texas md anderson canc ct
i o e
QU ot washingeo

" erman canc res

stjude childigps res hasp ¢
univ Ldghessee s

500

(A) The world distribution map of the top 10 institutions in the field of MRD. (B) The top ten institutions in the MRD field and their respective output
performance. (C) The knowledge map of the institutions’ cooperation network related to MRD
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(A) Map of the distribution of core journals in the MRD field. (B) Core journals in the MRD field and their respective output performance and
influence. (C) The dynamics of annual cumulative publications for core journals in the MRD field. (D) The heatmap of the annual publication
dynamics of core journals in the MRD field. (Each box represents the yearly count of papers released by the journal, with greater brightness

indicating a larger number of papers released).

index = 133), followed by Journal of Clinical Oncology (H-index =
101) and Leukemia (H-index = 93) (Figure 4B).

The dynamics of annual cumulative publications for these
journals are shown in Figure 4C, while we mapped a heatmap of
the annual publication dynamics of the journals using RStudio in
Figure 4D. The number of articles related to MRD published in
Blood has continued to increase over the years, and in 2012, it
overtook Leukemia to become the journal with the most MRD-
related articles. In particular, Blood Advances was founded in 2016
and has become a core journal for publishing MRD research in just
a few years, with Cancers publishing 70 articles on MRD in 2021,
making it the eighth position in terms of cumulative publications.
The achievements of these journals are also remarkable.

The notion of journal co-citation denotes the situation of two or
more journals being cited by a single journal, thereby indicating the
interconnection between the journals. Supplementary Table SI lists
the top 10 co-cited journals related to MRD. Blood is the most co-
cited journal (88,753 citations, IF 2021 = 25.669, H-index = 133,
Q1), followed by Leukemia (34,699 citations, IF 2021 = 12.897, H-
index = 93, Q1) and Journal of Clinical Oncology (33,963 citations,
IF 2021 = 50.739, H-index = 101, Q1). The findings suggest that
these three journals have had a great influence on MRD research
and are receiving wide attention. The co-occurrence visualization
map of co-cited journals was obtained by VOSviewer (Figure 5A).

Frontiers in Oncology

The node labels on the visualization map describe the 1000 journals
cited by MRD studies, and the lines describe their co-citation
relationships. The dual-map overlay of journals shows the
position of a research subject relative to the main research
science. Each dot on the map represents a journal, and the labels
describe the various research areas covered by all journals. The
journals that cite literature are positioned on the left side of the map,
while those that are being cited are positioned on the right side. The
colored curve is the citation line, showing the citation relationship,
and the width of the curve is closely related to the citation
frequency. The longer horizontal axis of the ellipse represents
more papers published in the corresponding journal, and the
longer vertical axis represents more authors (31). Figure 5B shows
the four main citation paths, indicating that studies on MRD
published in Molecular/Biology/Immunology journals and
Medicine/Medical/Clinical journals citing studies in Molecular/
Biology/Genetics and Health/Nursing/Medicine Journals.

3.5 Author and co-cited author analysis

To highlight the collaboration among the primary authors
within this particular domain, authors with more than 27
publications are visualized in Supplementary Figure S2A, which
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TABLE 3 The core journals related to MBD.

Quartile
L e Average .
Runk | Journals Publications = Percentage @ Citations Citations Category in
Category
1 Blood 451 5.06 60659 134.50 133 25669  Hematology Q1 ;";ted
ates
. Hematology/
2 Leukemia 395 443 31398 79.49 93 12.897 Q1/Q1 England
Oncology
British Journal
3 of 309 3.47 9132 29.55 53 8.615 Hematology Q1 England
Haematology
Leukemia & Hematology/
4 eukemia 260 292 3112 11.97 27 2.996 ematoiogy Q3/Q3 England
Lymphoma Oncology
1 of
]01Alr‘na o United
5 Clinical 235 2.64 30911 131.54 101 50.739  Oncology Q1 States
Oncology
Leukemi Hematol
6 eukemia 187 210 2775 14.84 26 3.715 ematology/ Q3IQ3 England
Research Oncology
Hematology/
Bone M I 1 2/Q2/Q2
7 one MATow 143 2.05 3721 2033 33 5.174 mmunology/ QIR 1and
Transplantation Oncology/ Q2
Transplantation
8 Cancers 168 1.88 1060 6.31 18 6.575 Oncology Q1 Switzerland
9 Haematologica 159 1.78 6317 39.73 47 11.049 Hematology Q1 Ttaly
Biol f
10108y O Hematology/ i
Blood and United
10 155 1.74 4016 2591 35 5.609 Immunology/ Q2/Q2/Q1
Marrow . States
. Transplantation
Transplantation
H 1
Pediatric Blood ematology/ United
11 152 1.71 2167 14.26 25 3.838 Oncology/ Q2/Q3/Q1
& Cancer L States
Pediatrics
Annals of
12 nnals o 143 1.60 1986 13.89 26 4,030 Hematology Q Germany
Hematology
Frontiers i
13 rontiers 127 142 1076 8.47 19 5.738 Oncology Q@ Switzerland
Oncology
14 Blood 125 1.40 2270 18.16 28 7.642 Hematol Q United
K N K matolo:
Advances sy States

consists of 102 nodes, representing 102 authors who have published
27 or more papers. The size of each node on the map corresponds to
the number of articles authored by each individual, while the width
of the interconnecting line signifies the degree of collaborative
publishing among authors. Each color signifies a distinct cluster,
and authors whose nodes are of the same color cooperate closely.
We can see that some collaborative relationship were established
among the highly productive authors, and stable research teams
were formed.

The publications pertaining to MRD have been sourced from
40,683 authors, and the top 3 authors in terms of number of
publications are Kantarjian HM (166 papers, accounting for 1.86%,
52.42 average citations per article), Huang XJ (130 papers, accounting
for 1.46%, 20.64 average citations per article) and Schrappe M (117
papers, accounting for 1.31%, 79.44 average citations per article)
(Table 4). A researchers’ academic productivity and quality can be
evaluated through the use of the H-index, which is a blended

Frontiers in Oncology

quantitative indicator. The top 3 authors for the H-index are
Kantarjian HM (H-index = 53), van Dongen JJM (H-index = 53) and
Schrappe M (H-index = 51). The Dutch scholar van Dongen JJM has
the highest citation frequency per article and H-index. Among the top
10 most productive authors, 4 were from the United States, and 3 were
from China. It shows that American authors have made exceptional
contributions in this particular domain. Although the output of articles
by Chinese authors is relatively high, the citation frequency of each
article and the H-index are not too high, indicating that Chinese authors
are important participants in the field of MRD research, but their
international academic influence needs to be improved.

In the past two decades of MRD research, there were 9,1867
cited authors. Supplementary Figure S2B shows a total of 101
authors cited more than or equal to 338 times. Co-cited authors
refer to two or more authors who are cited by the same article,
which can identify the high-impact research teams in this field (32).
The American scholar Pui CH was the most frequently cited (2,062
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(A) The co-occurrence visualization map of co-cited journals. (B) The dual-map overlay of journals related to MRD research.

citations, H-index = 48), followed by two Dutch scholars van
Dongen JJM (1,525 citations, H-index = 53) and van der Velden
VH]J (1,334 citations, H-index = 44). Moreover, Kantarjian HM
(1,067 citations, H-index = 53) from the United States was also one

of the highest H-index among the co-cited authors (Supplementary
Table S2). It is proven that these four co-cited authors and their
teams have a considerable contribution and great academic research
prestige to the study of MRD.

TABLE 4 The top 10 authors with most publications related to MRD.

3.6 Analysis of keywords

3.6.1 High frequency and high centrality
keyword analysis

The keywords represent the paper’s focus and reflect the paper’s
disciplinary structure and research topics to a certain extent. Using
the keyword co-occurrence network, the disciplinary structure and
research focus of the analyzed object can be displayed clearly.

Kantarjian HM

2 Huang XJ 130 1.46
3 Schrappe M 117 1.31
4 Ravandi F 116 1.30
5 Van dongen JJM 111 1.25
6 Jabbour EJ 108 1.21
7 Orfao A 99 1.11
8 Wang Y 99 1.11
9 Xu LP 96 1.08
10 O’brien S 89 1.00
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8701 52.42 United States

2683 20.64 27 China

9294 79.44 51 Germany

4173 35.97 37 United States

13962 125.78 53 Netherlands

4199 38.88 37 United States

8260 83.43 44 Spain

1801 18.19 22 China

2193 22.84 25 China

5951 66.87 39 United States
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CiteSpace was used to divide the analysis objects by one year per
slice, the node type was selected as keyword, and the cosine
algorithm was used to select the association strength of network
nodes within slices. The threshold (top N) was set as 30, that is, the
top 30 high-frequency keywords in each time slice were extracted.
The pathfinding algorithm was chosen in this study, the pruning
sliced network and pruning the merged network were used to show
a clearer co-occurrence network.

The keyword co-occurrence network in the MRD research field
consisted of 88 nodes and 284 links, each node representing a
keyword. The size of nodes and the frequency of keywords are
positively correlated, signifying that larger nodes tend to have a
greater frequency of keywords, and more purple around the node
indicates a greater value of betweenness centrality. Correspondingly,
the chromaticity of the node denotes the chronology: the hotter the
tinge, the newer the epoch, and the cooler the tinge, the older the era
(Figure 6A). Table 5 outlines the top 20 keywords in frequency and
betweenness centrality, providing the most prevalent and influential
terms. High-frequency keywords are closely related to the research
topic, and

“stem cell transplantation”, “acute lymphoblastic

Citospacatoutput
ke
URe=3.0, LNe10, LaY=5, 610

10.3389/fonc.2023.1186198

» <« » o«

leukemia”, “acute myeloid leukemia”, “therapy”, and “polymerase
chain reaction” are keywords with a frequency of more than 900.
Moreover, the more prominent the betweenness centrality of nodes
in the network, the more significant the influence of the keywords
they embody within the domain. The top 5 keywords of highly
betweenness centrality are “bone marrow transplantation” (0.92),
“children” (0.71), (0.68), “stem cell

transplantation” (0.6), and “multiparameter flow cytometry” (0.57).

polymerase chain reaction

Through keyword analysis, this study obtained the keywords of
hematological malignancies, such as “acute lymphoblastic

leukemia”, “acute myeloid leukemia”, “multiple myeloma”,
“chronic myelogenous leukemia”, and “non-Hodgkin’s
The keywords that reflected the treatment of

hematological diseases, such as “stem cell transplantation”, “bone

lymphoma”.
marrow transplantation”, “therapy”, “chemotherapy”, etc. The
keywords that reflected techniques to measure MRD, such as
“polymerase chain reaction”, “flow cytometry”, “multiparameter
flow cytometry”, etc. Then, there were some keywords closely
related to MRD, such as
“clinical significance”, and “prognostic factor”.
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(A) The knowledge map of keyword co-occurrence network in the MRD research field. (The labels indicate high betweenness centrality keywords).
(B) The knowledge map of keyword clustering network in the MRD research field. (C) The keyword cloud.
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TABLE 5 The top20 keywords for frequency and betweenness centrality related to MRD.

Runk Keywords Frequency Runk Keywords Centrality
1 stem cell transplantation 1112 1 bone marrow transplantation 0.92
2 acute lymphoblastic leukemia 1078 2 children 0.71
3 acute myeloid leukemia 1036 3 polymerase chain reaction 0.68
4 therapy 957 4 stem cell transplantation 0.6
5 polymerase chain reaction 903 5 multiparameter flow cytometry 0.57
6 children 737 6 multiple myeloma 0.56
7 bone marrow transplantation 734 7 criteria 0.37
8 expression 710 8 diagnosis 0.34
9 survival 662 9 AIEOP-BFM 0.34
10 chemotherapy 661 10 acute lymphoblastic leukemia 0.3
11 bone-marrow 651 11 acute myeloid leukemia 0.3
12 relapse 593 12 chronic myelogenous leukemia 0.3
13 diagnosis 514 13 clinical significance 0.26
14 acute myelogenous leukemia 485 14 non-Hodgkin’s lymphoma 0.22
15 cancer 450 15 RT-PCR 0.22
16 AML 449 16 flow cytometry 0.18
17 flow cytometry 445 17 relapse 0.18
18 peripheral blood 424 18 AML 0.18
19 adult patients 394 19 prognostic factor 0.18
20 risk 371 20 internal tandem duplication 0.18

verify the reliability of the core keywords, BiblioShiny was also used
to generate the keyword cloud (Figure 6C), revealing that the core
keywords are roughly the same as those summarized above.

3.6.2 keyword cluster analysis

Keyword clustering forms small groups of closely related
keywords to realize the purpose of mining hidden information. It
probed certain themes that have been established or may have been
overlooked in a particular area of study. In this study, CiteSpace was
used to perform keyword clustering analysis based on keyword co-
occurrence, using the log-likelihood ratio (LLR) algorithm to
perform cluster labels extracted from the publication keywords, as
shown in Figure 6B. In general, there are two important metrics to
evaluate the effect of cluster formation. The modularity Q is a metric
utilized for evaluating the efficacy of network modularity, and a
higher value indicates a better cluster obtained by the network. If
Q>0.3, it indicates that the cluster structure is statistically
significant. The homogeneity of cluster members is evaluated
using the cluster silhouette value S, where S$>0.5 implies high
consistency among cluster members and a reasonable clustering
outcome, and S>0.7 suggests high credibility of the result. The Q
value of the cluster formation was 0.809, and the S value was 0.939,
indicating that the clustering structure is significant, and the
clustering results are convincing. Under the exploration of this
study, 10 meaningful clusters were formed (Supplementary Table
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S3). The clusters are sorted from #0 to #9 in decreasing order of the
number of keywords they comprise, with cluster #0 containing the
most keywords.

3.6.3 Analysis of keyword bursts

As a refined expression of research topics and content in
academic papers, keywords can reflect the research hotspots in
the subject area to a certain extent. Keyword burst detection can be
used to explore the sudden increase in research interest in a subject.
The information can not only elucidate the dynamics of research
hotspots over time but also expose research trends in recent years
(22). Through the imposition of a minimum burst duration of 5
years, the identification of the top 24 keywords exhibiting the
strongest citation bursts was accomplished, as depicted in
Figure 7. The blue line indicates the year from the beginning to
the end of the keyword, and the red line indicates the period when
the keyword burst. The stronger the burst strength of the keyword,
the more studies related to it. Among the top 24 keywords with the
strongest citation bursts, “polymerase chain reaction” was the
keyword with the greatest burst intensity (strength = 141), and a
large number of research results were related to this word between
2002 and 2010. At the same time, “chronic myeloid leukemia” is the
hot keyword with the longest duration (2002 to 2016). Furthermore,
the citation bursts of 5 keywords continued through 2022.
Therefore, the 5 burst keywords of “adult patient”, “multiple
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myeloma”, “open label”, “aml”, and “mutation” reflect the latest
research hotspots in the field of MRD.

In general, in the early period of 2002-2022, the research
hotspots of MRD mainly focused on chronic myeloid leukemia
(CML), non-Hodgkin’s lymphoma (NHL), and chronic
prolymphocytic leukemia. The technical methods mainly focused
on the relationship between the results of gene-related polymerase
chain reaction (PCR) detection and the prognosis of the disease. In
the later period, MRD in acute myeloid leukemia (AML) and
multiple myeloma (MM) attracted much attention, and gene
mutations have become the research upsurge of MRD detection.
In addition, the subjects of MRD also tended to develop from
children to adults.

3.7 Analysis of co-cited references
and reference burst

A comprehensive knowledge system will invariably underpin
any research topic. As a research topic matures, its knowledge
system becomes completer and more enriched, largely due to the
knowledge flow from the references. The examination of a research
topic’s co-citation network can offer valuable insight into its

Top 24 Keywords with the
Keywords Year Strength Begin
polymerase chain reaction 2002 141 2002
bone marrow transplantation 2002 87.66 2002
chronic myelogenous leukemia 2002 63.66 2002
non hodgkins lymphoma 2002 55.79 2002
acute promyelocytic leukemia 2002 52.72 2002
rt per 2002 41.89 2002
chronic myeloid leukemia 2002 39.01 2002
cell 2002 37.77 2002
gene 2002 24.33 2002
per 2002 15.72 2002
prognostic significance 2003 35.93 2003
breast cancer 2004 23.09 2004
immunoglobulin 2004 21.83 2004
monoclonal antibody 2005 25.99 2005
childhood 2002 10.26 2006
clinical significance 2007 51.95 2007
time quantitative pcr 2003 34.71 2007
prognostic factor 2002 27.2 2009
trial 2012 39.26 2012
adult patient 2011 25.88 2015
multiple myeloma 2002 36.89 2016
open label 2017 69.11 2017
aml 2012 58.32 2017
mutation 2015 50.63 2017

FIGURE 7
The top 24 keywords with the strongest citation bursts from 2002 to 2022.
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knowledge base, with high-frequency and high betweenness
centrality nodes being key points of focus. In addition, citation
analysis can be used to evaluate the scientific value and influence of
publications in a particular field of research and has a significant
impact on the discussion, practice, and future research in this area
(33). A total of 175,916 references were cited in the scope of our
analysis. In CiteSpace, the threshold (top N) was set as 10, that is,
the top 10 co-cited references in each time slice were extracted. In
the past two decades, the network map of co-cited references related
to MRD consists of 123 nodes and 194 links, and each node
represents one reference, the lighter the node, the closer the time,
and the darker the color, the more distant the time (Figure 8A).
Interestingly, the top 10 highly cited references in this field were
published between 2016 and 2018 and have received a high citation
frequency, particularly in recent years. This suggests that research
on MRD is progressing quickly, and the knowledge structure is
being updated rapidly.

The high frequency nodes represent literature with a high
citation rate, which is an important knowledge base in this field.
The top 10 co-cited references were published in New England
Journal of Medicine (IF 2021 176.082, n=5), Blood (IF
2021 = 25.669, n=4) and Lancet Oncology (IF 2021 = 54.433, n=1)
from 2016 to 2018 (Table 6). These three journals are the top in

Strongest Citation Bursts

End
2010
2007
2013
2009
2011
2007
2016
2009
2006
2008
2010
2008
2010
2009
2010
2013
2011
2015
2016
2022
2022
2022
2022
2022

2002 - 2022
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related fields and have great academic influence. This indicates that
the knowledge sources and basics in the field of MRD research are
of high level and quality. Among them, the paper published in Blood
by Dohner H in 2017 received the highest citation frequency.
Based on the research progress of AML, Dohner H et al.
published the 2017 edition of the European LeukemiaNet (ELN)
recommendations for the diagnosis and management of AML in
Adults, which revised the ELN gene categories, recommendations
for response categories based on MRD status, and criteria for
disease progression and have been widely adopted by doctors and
scholars studying AML in clinical practice (33). The second most
cited paper was published in Blood in 2018. To make the MRD of
AML more standardized and instructive in clinical practice, a
consensus document from the ELN has identified the key issues
of MRD monitoring in AML. Examples include the prognostic
threshold of molecular MRD markers in AML patients with
morphological complete response, approaches for MFC MRD
assessment, approaches for molecular MRD assessment, and
thresholds and time points for MRD assessment during
treatment/follow-up/relapse definition. The clinical application
guidelines of MRD measurement in AML were also established
(16). Ivey A et al. published the third most frequently co-cited study
in New England Journal of Medicine. They performed MRD
detection (as determined by quantification of the gene encoding
nucleophosmin (NPMI1)-mutated transcripts) in 2,569 samples
from 346 patients with AML who had received intensive
treatment. The results of the study showed that a marked
association was established between the persistence of NPM1
mutated transcripts in the blood of patients after their second
chemotherapy cycle and a greater probability of relapse and lower
rates of survival at follow-up after three years. The NPM1 mutation
is a reliable marker for detection in the majority of AML patients
and is a powerful independent factor that predicts disease
progression and prognosis. Until then, the measurement of MRD

Kumar S (2016)

Schuurhuis GJ (2018)

Dohner H (2017)
Arber DA (2016)

10.3389/fonc.2023.1186198

had been used only for acute promyelocytic leukemia and
childhood acute lymphoblastic leukemia (ALL) (34).

A node with a high betweenness centrality is indicative of
literature that is linked to multiple other literatures through a co-
citation relationship and plays a pivotal role as a hub in the network.
In Figure 8B, the red nodes represent co-cited references with high
betweenness centrality, where the magnitude of the nodes is
commensurate with their betweenness centrality value, signifying
their importance in the overall knowledge network. These
references are located at the key nodes of the co-citation map and
run through the entire network. The top 10 co-cited references with
the betweenness centrality related to MRD were published in Blood
(IF 2021 = 25.669, n=5), Leukemia (IF 2021 = 12.897, n=4), and
New England Journal of Medicine (IF 2021 = 176.082, n=1)
(Supplementary Table S4). The top 3 references with betweenness
centrality were all published in Leukemia in 2003. The ranked first
was published by van der Velden VHJ et al. This review

comprehensively summarized the application of RQ-PCR in the
monitoring of MRD in hematological malignancies. Covering the
principle of the RQ-PCR technique, the three main MRD-PCR
target categories in hematological malignancies and their
advantages and disadvantages, the sensitivity and specificity
analysis of RQ-PCR, and the selection of control genes for MRD
detection in hematological malignancies. The article emphasizes
that while MRD monitoring guides treatment for some hematologic
malignancy patients, RQ-PCR-based MRD detection requires
further standardization and unification of data interpretation and
laboratory reports in multicenter clinical treatment protocols and
highlights the crucial role of regular quality control rounds for
testing laboratories (35). Van Dongen JJM et al. published the
second-ranked publication with betweenness centrality. Clonality
analysis of gene rearrangement plays an important role in the
diagnosis of lymphoproliferative lesions. However, the complexity
and diversity of the immunoglobulin (Ig) and T-cell receptor (TCR)
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(A) The knowledge map of high frequency co-cited references network related to MRD. (B) The knowledge map of high betweenness centrality co-

cited references network related to MRD.
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TABLE 6 The top 10 co-cited references with the citation frequency related to MRD.

First author Quartile
(publication Journal in
year) category

Citation
frequency

Runk @ Co-cited reference

Diagnosis and management of AML in adults: 2017 ELN

1 . R i 492 Dohner H (2017) Blood 25.669 Q1
recommendations from an international expert panel
Minimal/measurable residual disease in AML: a consensus document Schuurhuis GJ
2 . . 327 Blood 25.669 Q1
from the European LeukemiaNet MRD Working Party (2018)
New England
3 Assessment of Minimal Residual Disease in Standard-Risk AML 322 Ivey A (2016) Journal of 176.082 Q1
Medicine

International Myeloma Working Group consensus criteria for
4 response and minimal residual disease assessment in multiple 259 Kumar S (2016) Lancet Oncology 54.433 Q1
myeloma

New England
235 Kantarjian H (2017) Journal of 176.082 Q1
Medicine

Blinatumomab versus Chemotherapy for Advanced Acute
Lymphoblastic Leukemia

New England
Jongen-lavrencic M ew tnglan

6 Molecular Minimal Residual Disease in Acute Myeloid Leukemia 229 018) Journal of 176.082 Q1
Medicine
The 2016 revision to the World Health Organization classification of
7 X i 213 Arber DA (2016) Blood 25.669 Q1
myeloid neoplasms and acute leukemia
Papaemmanuil E New England
u
8 Genomic Classification and Prognosis in Acute Myeloid Leukemia 203 (2(516) Journal of 176.082 Q1
Medicine
New England
Tisagenlecleucel in Children and Young Adults with B-Cell ew tngan
9 R R 164 Maude SL (2018) Journal of 176.082 Q1
Lymphoblastic Leukemia L.
Medicine

Blinatumomab for minimal residual disease in adults with B-cell
10 K i 147 Gokbuget N (2018) Blood 25.669 Q1
precursor acute lymphoblastic leukemia

gene rearrangement process and the limitation of primer design  leukemia FGs based on TagMan RQ-PCR technology. Accurate
result in a high rate of false negatives and false positives, thus  quantitative measurement of FGs can be applied to 35%-45% of
restricting its usage. In 2003, the European BIOMED-2  ALL and AML cases and in more than 90% of CML cases. This
collaboration group proposed a standardized PCR detection  standardized protocol of RQ-PCR detection and analysis of FGs
system for Ig/TCR gene rearrangement. This system included the  transcripts is crucial for the molecular determination of MRD and the
design of multiple primers for the Ig/TCR locus, which were  management of patients in multicenter treatment (36). The above
intended to cover a wide range of gene segments and almost all  three articles mainly involved the MRD detection of hematological
types of Ig/TCR gene rearrangements. As a result, 107 different  malignancies based on RQ-PCR, focusing on the standardization of
primers were included in just 18 multiplex PCR tubes. = RQ-PCR detection procedures and interpretation of results, as well as
Heteroduplex analysis of double-stranded PCR products and gene  quality control of detection. They play a landmark role in the
scanning of fluorescently labelled single-stranded PCR products are  development and application of MRD.

the key factors in this system that avoid false positives. At present, Citation burstiness refers to the citation frequency of a paper
BIOMED-2 multiplex tubes have been widely used in the diagnosis  increasing sharply over a period of time. The identification of the 22
of lymphohematopoietic systems, as well as providing suitable PCR ~ most impactful references with the most pronounced citation bursts
targets for MRD detection. They can detect virtually all malignant ~ was accomplished by imposing a minimum burst duration of 4
clonal proliferations of lymphocytes with high sensitivity and  years, as depicted in Figure 9. Among these 22 references, 6 had
specificity (9). Gabert J et al. published the study with the third  citation bursts that lasted until 2022, and their burst strengths were
highest betweenness centrality related to MRD. The measure of  all above 60, with the highest strength being 135.63, which was
MRD in various types of leukemia has been shown to provide  significantly higher than that of the other references. Through the
independent prognostic information for treatment stratification. To  analysis of these six publications, we found that the application of
solve the problem of the lack of standardized diagnostic methods ~ MRD in AML, MM, and ALL is the research frontier in this field.
for large-scale MRD studies in multicenter treatment trials, 26 ~ Evidenced by the intensively strong citation burst of co-cited
university laboratories from 10 European countries collaborated  references from 2017 to 2022, there has been a growing interest
to establish a standardized protocol for the analysis of major  in MRD-related research in recent years.
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FIGURE 9

The top 22 references with the strongest citation bursts from 2002 to 2022.

4 Discussion
4.1 Primary outcomes

Based on the information of 8,913 papers on MRD from January 1,
2002, to October 30, 2022, obtained from the WoSCC, this study
reviewed the development of this field employing a bibliometric system
and visualized the research results through VOSviewer, CiteSpace,
RStudio, and a bibliometric online analysis platform. We identified
highly productive countries and their collaborative networks,
contributions of institutions, core journals in the field, revealed
important authors, and explored keywords, co-cited references, etc.
We also found research hotspots at different times, and keywords and
articles involved in these research hotspots are presented.

4.2 Development trend of MRD research

The number of articles can reflect the development trend of a
research field over the years. According to the 8,913 published articles
related to MRD retrieved by WoSCC, the publication trend in the past
20 years can be divided into three stages. In the first stage (2002-2011),
the average number of articles published was 273.7 per year, and the
development trend of the field did not change too much. In the second
stage (2012-2018), the number of papers published increased year by
year, and the academic development trend was good. In the third stage
(2018-2022), the output of scientific research showed an explosive
trend, and the number of published papers increased by more than
100 per year. It shows that MRD research has seen a steady rise in
academic achievement over the past two decades, beginning with the
early stages of knowledge accumulation, followed by the middle stages
of preparation, and culminating in the current period of vigorous
development. In recent years, with the progress of detection
techniques (RQ-PCR, MFC, NGF, or NGS) and detection methods
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86.14 2018

H’nl”'

H

70.19 2018
66.76 2018
61.51 2018

1111

2017

(based on different identified targets) (37-40), MRD research has
reached a new level. At the same time, driven by some consensus
documents and application guidelines (16, 19, 36, 41), MRD
monitoring has become more normalized and standardized in many
diseases, which makes it more clinically significant. Due to these
positive factors, research on MRD has emerged in recent years. This
has resulted in a mature research field with a strong knowledge base
and abundant practical experience. Overall, the number of
publications in the field of MRD research is on the rise, and this
research has great prospects and potential in the future.

4.3 The situation of countries/regions and
institutions in MRD research

In terms of the performance of countries/regions, the United
States ranks first in the total number of articles published, which has
steadily increased year by year. Articles published by the Netherlands
were cited the most frequently, as well as those from Germany, Italy,
the United Kingdom, and France, all with an H-index of more than
100. These countries have the most advanced medical institutions,
adequate financial resources, and a large number of excellent medical
personnel. Scientists from the United States and Europe have been
leading the way in research on hematological malignancies for many
years. At the same time, MRD, which is significantly related to the
recurrence and prognostic stratification of such diseases, has also been
deeply studied and well developed. Due to the good scientific
atmosphere, the performance of Chinese scientists in the field of
MRD research has become increasingly prominent in recent years,
and the number of articles published each year after 2019 has ranked
second only to the United States, showing that China is paying
increasing attention to research in this field and will become a more
important participant in the future. Then, we calculated the volume of
publications and multicountry collaboration in the countries/regions
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where the corresponding authors were located. Although China has
published more articles than many countries, it still needs to further
strengthen international cooperation to promote the better
development of MRD research. Among the top 10 contributing
institutions in the field of MRD research, nine were from the
United States, and one was from China, indicating the US’s strong
leadership in the field owing to the significant contributions made by
its research institutions. Among all institutions, the University of
Texas MD Anderson Cancer Center published the most articles by far
and had the greatest impact.

4.4 Representative authors and leading
journals on MRD research

Through our exploration, a group of representative authors
emerged: Kantarjian HM from the University of Texas MD
Anderson Cancer Center contributed the most publications, van
Dongen JJM from Leiden University Medical Center had the most
cited articles, and the research papers of Pui CH of St. Jude
Children’s Research Hospital were the most frequently co-cited in
the field of MRD. We also found that several representative scholars
have formed stable research teams in the field of MRD research,
which have made outstanding contributions to the good
development of MRD. The popular journals in the research field
are also something that researchers are interested in and want to
learn about, we can see their information in Table 3 and
Supplementary Table S1. A large number of MRD-related articles
have been published in Blood, Leukemia, and the British Journal of
Haematology, which were the top journals in their categories, with
IF of 25.669, 12.897, and 8.615, respectively. However, as a whole,
the source journals of the literature cited by the MRD studies seem
to have higher IF. This also implies that both the output quality and
knowledge source of MRD are of high academic level.

4.5 Hotspots and frontiers of
MRD research

Keywords are indicative words that are highly related to the
research topic, which can indicate or express the characteristics of
the topic content of the paper. In this study, the keyword analysis of
MRD research in the past 20 years found that the diseases closely
related to MRD are mainly AML, MM, ALL, CML, NHL and other
hematological malignancies, suggesting that the MRD assessment
system is more mature in clinical application in the field of
hematological diseases. Because MRD is mainly based on liquid
biopsy, which permits direct observation of residual tumor factors
or small lesions in patient peripheral blood (PB) or bone marrow
(BM) samples, it affords significant advantages in the detection of
hematological malignancies. MRD monitoring in ALL, MM, and
CML is a well-established standard (19, 42, 43). In AML patients,
detection of MRD during complete remission has significant
independent prognostic value for relapse and survival (44). The
evaluation of MRD is considered useful to more precisely define
AML response to intensive chemotherapy, thereby refining risk
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stratification (45). The establishment of MRD detection and
monitoring in patients with solid tumors remains challenging due
to the amount of circulating tumor cells, circulating tumor DNA,
and exosomes in the PB of patients with solid tumors being very
low, and the tumor mutation genes shed into the PB are
heterogeneous (46). However, some studies have shown that
MRD monitoring is also valuable in solid tumors, such as lung
cancer, gastric cancer, and squamous cell carcinoma of the head and
neck (47-50).

At the same time, words related to hematological oncology
treatment, such as stem cell transplantation, BM transplantation,
and chemotherapy, are also closely related to MRD. MRD evaluation
after hematopoietic stem cell transplantation is a critical tool for
predicting treatment outcomes and guiding the chemotherapy
process (51-54). MRD measured before allogeneic hematopoietic
stem cell transplantation was closely related to the prognosis of
children with ALL. The study found that the presence of MRD
identified a risk of relapse that was 9.5-fold higher and a risk of death
that was 3.2-fold higher than the risk among patients without MRD,
and pretransplant MRD was the only significant factor for relapse
and death (7). In one study, serial MRD monitoring was performed
on PB and BM samples from 39 patients with mantle cell lymphoma,
and intensification therapy after induction therapy significantly
improved the molecular remission rate (46% to 74%). Furthermore,
the 3-year probability of remaining progression-free after induction
chemotherapy was 82% among MRD-negative patients and 48%
among MRD-positive patients. MRD detection following induction
immunochemotherapy may be used for risk-adapted therapy (6). It is
worth noting that “AIEOP-BFM” appears in the high betweenness
centrality keywords. AIEOP-BFM has made considerable
contributions to pediatric ALL. In pediatric B-cell precursor ALL
treated with the ATEOP-BFM ALL protocol, the quantitative measure
of MRD is reliable and valuable in predicting the clinical outcome and
risk of relapse (55).

In addition, the keywords related to MRD detection techniques
included PCR, flow cytometry, and RT-PCR, etc., indicating that
these methods are the mainstream techniques for MRD detection.
Genetic alterations can be found in cancer patients with normal
cytogenetic karyotypes and may be considered suitable as PCR
targets for monitoring MRD (56). Moreover, many markers, such as
immunoglobulin, T-cell receptor gene rearrangements and FGs,
have been well established as potential PCR targets for MRD and
are being continuously optimized (9, 57, 58). PCR monitoring of
MRD ensures the highest sensitivity and specificity, however,
patients with some diseases have no genetic markers suitable for
PCR monitoring, and therefore, MFC is a better choice. Cancer cells
will show distinct immunophenotypic deviation from normal cells
in the body, and this deviation is the precept by which MFC
identifies cancer (59). Many studies have shown that MRD
measured by MFC is an independent risk prognosticator in AML
(60). Furthermore, NGS has emerged as a crucial approach for
monitoring MRD in recent years, especially in some special
situations, such as AML or myelodysplastic syndrome, and MRD
monitoring based on NGS has more prominent advantages (61).
MM is characterized by the clonal expansion of monotypic plasma
cells in the BM, and residual plasma cells in the BM may be related
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to the recurrence of the disease. Based on the recommendations of
the IMWG consensus, the methods of BM MRD assessment include
NGF and next-generation sequencing NGS (19). The MRD
detection methods mentioned above have their characteristics and
advantages but also have the limitation of a single application.
Currently, a combination of these techniques may provide a more
effective and comprehensive assessment of clinical treatment (62).

5 Strength and limitations

Bibliometrics is a comprehensive knowledge system that
integrates mathematics, statistics, and philology and pays attention
to quantification. Visualized analysis can provide a clear depiction of
the development process, research status, and research hotspots of a
given field, thereby serving as a reference for further research.
However, due to some objective factors, there are certain limitations
in this research. First, the samples in this study are only from the
Science Citation Index Expanded database in the WoSCC. Although
the WoS covers a wide range of journals and is a mainstream source of
data in the bibliometrics field, there may still be several articles on this
topic that are not counted by WoS. Nevertheless, it is worth noting
that WoS is the most frequently employed database in bibliometric
studies (63, 64). Second, to ensure the integrity of information in the
analyzed literature, the data collected in this study were limited to
articles and review articles, and literature types such as meeting
reports, books, and case reports were not included. Third, although
the software used for bibliometric analysis and the data collected are
objective, the subjective nature of the analysis and interpretation
cannot be avoided. Finally, recent high-quality studies may not be
as widely cited due to their recentness, so influential studies may need
to be highlighted by several years of high citation.

6 Conclusion

This study used data information combined with visualization
software such as VOSviewer, CiteSpace, RStudio software package, and
an online analysis platform of bibliometrics to conduct a bibliometric
analysis of MRD-related publications and explore the global trend,
knowledge framework, research hotspots, and frontiers in this field
over the past two decades. With the continuous development of
detection technologies such as PCR, MFC, and NGS and the ability
to identify the genetic lesions involved in human malignancies,
research based on MRD is also becoming more in depth. With the
efforts of many scholars, some recognized MRD evaluation criteria and
diagnostic consensus have been established in malignant hematological
diseases such as AML, MM, and ALL, which have guiding significance
for determining the level of radiotherapy and chemotherapy that a
patient should receive, as well as the prognosis stratification and
recurrence risk evaluation of patients. The findings of this study can
improve the understanding of researchers and scholars in the field of
MRD and help them to identify new ideas and research directions,
which will further promote the development of MRD research. In
addition, for scholars who are new to the field or interested readers, this
paper provides them with a complete perspective on the development
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and evolution of MRD, allowing them to quickly find information on
representative scholars, important research institutions, and landmark
references in the field.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

ZY and LX designed the research subject and interpreted
results, and independently searched, downloaded, and analyzed
the data. LX analyzed the data and wrote the manuscript. JZ
searched the literature and screened all potentially eligible studies.
HL reviewed and corrected the manuscript. TN critically revised the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This work was funded by support from the Post-Doctor
Research Project, West China Hospital, Sichuan University (No.
2021HXBHO85), Project of Chengdu Customs Technology Center
Research (No0.2023TCKYO01), Incubation Program for Clinical
Trials (No.19HXFHO030), Achievement Transformation Project
(No. CGZH21001), 1.3.5 Project for Disciplines of Excellence,
West China Hospital, Sichuan University (No. ZYJC21007), and
Translational Research Grant of NCRCH (No. 2021WWB03).

Acknowledgments

We would like to thank Dr. Xiaodong Deng for his suggestions
and technical support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1186198
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yu et al.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1186198/
full#supplementary-material

References

1. Kreidieh F, Abou Dalle I, Moukalled N, El-Cheikh J, Brissot E, Mohty M, et al.
Relapse after allogeneic hematopoietic stem cell transplantation in acute myeloid
leukemia: an overview of prevention and treatment. Int | Hematol (2022) 116
(3):330-40. doi: 10.1007/s12185-022-03416-7

2. Koschade SE, Stratmann JA, Finkelmeier F, Wagner S, Chromik J, Steffen B, et al.
Relapse surveillance of acute myeloid leukemia patients in first remission after
consolidation chemotherapy: diagnostic value of regular bone marrow aspirations.
Ann Hematol (2022) 101(8):1703-10. doi: 10.1007/s00277-022-04862-3

3. Pulsipher MA, Han X, Maude SL, Laetsch TW, Qayed M, Rives S, et al. Next-
generation sequencing of minimal residual disease for predicting relapse after
tisagenlecleucel in children and young adults with acute lymphoblastic leukemia.
Blood Cancer Discov (2022) 3(1):66-81. doi: 10.1158/2643-3230.BCD-21-0095

4. Prindull G. Minimal residual neoplastic disease-concept, pathogenesis, and
supplementary therapeutic possibilities. Cancer Treat Rev (1986) 13(3):177-94. doi:
10.1016/0305-7372(86)90004-6

5. Pui CH, Pei D, Coustan-Smith E, Jeha S, Cheng C, Bowman WP, et al. Clinical
utility of sequential minimal residual disease measurements in the context of risk-based
therapy in childhood acute lymphoblastic leukaemia: a prospective study. Lancet Oncol
(2015) 16(4):465-74. doi: 10.1016/S1470-2045(15)70082-3

6. Liu H, Johnson JL, Koval G, Malnassy G, Sher D, Damon LE, et al. Detection of
minimal residual disease following induction immunochemotherapy predicts
progression free survival in mantle cell lymphoma: final results of CALGB 59909.
Haematologica (2012) 97(4):579-85. doi: 10.3324/haematol.2011.050203

7. Elorza I, Palacio C, Dapena JL, Gallur L, Sanchez de Toledo J, Diaz de Heredia C.
Relationship between minimal residual disease measured by multiparametric flow
cytometry prior to allogeneic hematopoietic stem cell transplantation and outcome in
children with acute lymphoblastic leukemia. Haematologica (2010) 95(6):936-41. doi:
10.3324/haematol.2009.010843

8. Zeijlemaker W, Gratama JW, Schuurhuis GJ. Tumor heterogeneity makes AML a
"moving target" for detection of residual disease. Cytomet Part B Clin cytomet (2014) 86
(1):3-14. doi: 10.1002/cytob.21134

9. van Dongen JJ, Langerak AW, Briiggemann M, Evans PA, Hummel M, Lavender
FL, et al. Design and standardization of PCR primers and protocols for detection of
clonal immunoglobulin and T-cell receptor gene recombinations in suspect
lymphoproliferations: report of the BIOMED-2 concerted action BMH4-CT98-3936.
Leukemia (2003) 17(12):2257-317. doi: 10.1038/sj.]leu.2403202

10. van der Velden VH, Cazzaniga G, Schrauder A, Hancock J, Bader P, Panzer-
Grumayer ER, et al. Analysis of minimal residual disease by Ig/TCR gene
rearrangements: guidelines for interpretation of real-time quantitative PCR data.
Leukemia (2007) 21(4):604-11. doi: 10.1038/sj.leu.2404586

11. Bartley PA, Ross DM, Latham S, Martin-Harris MH, Budgen B, Wilczek V, et al.
Sensitive detection and quantification of minimal residual disease in chronic myeloid
leukaemia using nested quantitative PCR for BCR-ABL DNA. Int ] Lab Hematol (2010)
32:222-8. doi: 10.1111/j.1751-553X.2010.01236.x

12. Guerrasio A, Pilatrino C, De Micheli D, Cilloni D, Serra A, Gottardi E, et al.
Assessment of minimal residual disease (MRD) in CBFbeta/MYH11-positive acute
myeloid leukemias by qualitative and quantitative RT-PCR amplification of fusion
transcripts. Leukemia (2002) 16(6):1176-81. doi: 10.1038/sj.leu.2402478

13. Fuda F, Chen W. Minimal/Measurable residual disease detection in acute
leukemias by multiparameter flow cytometry. Curr hematol malignancy Rep (2018)
13(6):455-66. doi: 10.1007/s11899-018-0479-1

14. Flores-Montero J, Sanoja-Flores L, Paiva B, Puig N, Garcia-Sanchez O, Béttcher S, et al.
Next generation flow for highly sensitive and standardized detection of minimal residual
disease in multiple myeloma. Leukemia (2017) 31(10):2094-103. doi: 10.1038/leu.2017.29

15. Medina A, Puig N, Flores-Montero J, Jimenez C, Sarasquete ME, Garcia-Alvarez
M, et al. Comparison of next-generation sequencing (NGS) and next-generation flow
(NGF) for minimal residual disease (MRD) assessment in multiple myeloma. Blood
Cancer J (2020) 10(10):108. doi: 10.1038/s41408-020-00377-0

16. Schuurhuis GJ, Heuser M, Freeman S, Béne MC, Buccisano F, Cloos J, et al.
Minimal/measurable residual disease in AML: a consensus document from the
European LeukemiaNet MRD working party. Blood (2018) 131(12):1275-91. doi:
10.1182/blood-2017-09-801498

17. Déhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Biichner T, et al.
Diagnosis and management of AML in adults: 2017 ELN recommendations from an

Frontiers in Oncology

10.3389/fonc.2023.1186198

SUPPLEMENTARY FIGURE 1
Search strategy for this bibliometric research.

SUPPLEMENTARY FIGURE 2
(A) The co-occurrence network map of the primary authors in the MRD field
(B) The co-occurrence network map of co-cited authors in the MRD field

international expert panel. Blood (2017) 129(4):424-47. doi: 10.1182/blood-2016-08-
733196

18. Rodriguez-Otero P, Paiva B, San-Miguel JF. Roadmap to cure multiple
myeloma. Cancer Treat Rev (2021) 100:102284. doi: 10.1016/j.ctrv.2021.102284

19. Kumar S, Paiva B, Anderson KC, Durie B, Landgren O, Moreau P, et al.
International myeloma working group consensus criteria for response and minimal
residual disease assessment in multiple myeloma. Lancet Oncol (2016) 17(8):e328-e46.
doi: 10.1016/51470-2045(16)30206-6

20. Bellis Nd. Bibliometrics and citation analysis: from the science citation index to
cybermetrics. Plymouth: The Scarecrow Press (2009). p. 415.

21. Lei P, Shrestha RK, Zhu B, Han S, Yang H, Tan S, et al. A bibliometric analysis
on nonpoint source pollution: current status, development, and future. Int ] Environ
Res Public Health (2021) 18(15). doi: 10.3390/ijerph18157723

22. CuiY, Mou]J, Liu Y. (2017) Bibliometric and visualized analysis of research on e-
commerce journals. In Proceedings of the International Conference on Electronic
Commerce (ICEC '17). (New York, NY, USA:Association for Computing Machinery)
2:1-7. doi: 10.1145/3154943.3180441

23. Merigo JM, Yang JB. A bibliometric analysis of operations research and
management science. Omega-Internat ] Manage Sci (2017) 73:37-48. doi: 10.1016/
j.omega.2016.12.004

24. Norris M, Oppenheim C. Comparing alternatives to the web of science for
coverage of the social sciences' literature. J Informetrics. (2007) 1(2):161-9. doi:
10.1016/}.j0i.2006.12.001

25. van Eck NJ, Waltman L. Software survey: VOSviewer, a computer program for
bibliometric mapping. Scientometrics (2010) 84(2):523-38. doi: 10.1007/s11192-009-0146-3

26. Chen C. Searching for intellectual turning points: progressive knowledge
domain visualization. Proc Natl Acad Sci United States Ame (2004) 101 Suppl 1
(Suppl 1):5303-10. doi: 10.1073/pnas.0307513100

27. Chen CM. CiteSpace II: detecting and visualizing emerging trends and transient
patterns in scientific literature. ] Am Soc Inf Sci Technol (2006) 57(3):359-77. doi:
10.1002/asi.20317

28. Price DJdS. Little science, big science. New York, NY: Columbia University Press
(1963).

29. Dunnick NR. The h index in perspective. Acad radiol (2017) 24(2):117-8. doi:
10.1016/j.acra.2016.11.016

30. Bradford SC. Sources of information on specific subjects (reprinted from
engineering an illustrated weekly journal, vol 137, pg 85-86, 1934). J Inf Sci (1985)
10(4):176-80.

31. LiJ, Chen CM. CiteSpace: text mining and visualization in scientific literature.
Bei Jing: Capital University of Economics and Business Press (2022).

32. Zhou F, Zhang T, Jin Y, Ma Y, Xian Z, Zeng M, et al. Developments and
emerging trends in the global treatment of chronic rhinosinusitis from 2001 to 2020: a
systematic bibliometric analysis. Front surg (2022) 9:851923. doi: 10.3389/
fsurg.2022.851923

33. Arakeri G, Patil S, Quadri MFA, Alqahtani KM, Rao Us V, Paiva Fonseca F, et al.
A bibliometric analysis of the top 100 most-cited articles in the journal of oral
pathology & medicine (1972-2020). J Oral Pathol Med Off Publ Int Assoc Oral Pathol
Am Acad Oral Pathol (2021) 50(7):649-59. doi: 10.1111/jop.13181

34. Ivey A, Hills RK, Simpson MA, Jovanovic JV, Gilkes A, Grech A, et al.
Assessment of minimal residual disease in standard-risk AML. New Engl ] Med
(2016) 374(5):422-33. doi: 10.1056/NEJMoal507471

35. van der Velden VH, Hochhaus A, Cazzaniga G, Szczepanski T, Gabert J, van
Dongen JJ. Detection of minimal residual disease in hematologic malignancies by real-
time quantitative PCR: principles, approaches, and laboratory aspects. Leukemia (2003)
17(6):1013-34. doi: 10.1038/sj.leu.2402922

36. Gabert J, Beillard E, van der Velden VH, Bi W, Grimwade D, Pallisgaard N, et al.
Standardization and quality control studies of 'real-time' quantitative reverse
transcriptase polymerase chain reaction of fusion gene transcripts for residual disease
detection in leukemia - a Europe against cancer program. Leukemia (2003) 17
(12):2318-57. doi: 10.1038/sj.leu.2403135

37. Hourigan CS, Gale RP, Gormley NJ, Ossenkoppele GJ, Walter RB. Measurable
residual disease testing in acute myeloid leukaemia. Leukemia (2017) 31(7):1482-90.
doi: 10.1038/leu.2017.113

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1186198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1186198/full#supplementary-material
https://doi.org/10.1007/s12185-022-03416-7
https://doi.org/10.1007/s00277-022-04862-3
https://doi.org/10.1158/2643-3230.BCD-21-0095
https://doi.org/10.1016/0305-7372(86)90004-6
https://doi.org/10.1016/S1470-2045(15)70082-3
https://doi.org/10.3324/haematol.2011.050203
https://doi.org/10.3324/haematol.2009.010843
https://doi.org/10.1002/cytob.21134
https://doi.org/10.1038/sj.leu.2403202
https://doi.org/10.1038/sj.leu.2404586
https://doi.org/10.1111/j.1751-553X.2010.01236.x
https://doi.org/10.1038/sj.leu.2402478
https://doi.org/10.1007/s11899-018-0479-1
https://doi.org/10.1038/leu.2017.29
https://doi.org/10.1038/s41408-020-00377-0
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1016/j.ctrv.2021.102284
https://doi.org/10.1016/S1470-2045(16)30206-6
https://doi.org/10.3390/ijerph18157723
https://doi.org/10.1145/3154943.3180441
https://doi.org/10.1016/j.omega.2016.12.004
https://doi.org/10.1016/j.omega.2016.12.004
https://doi.org/10.1016/j.joi.2006.12.001
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1073/pnas.0307513100
https://doi.org/10.1002/asi.20317
https://doi.org/10.1016/j.acra.2016.11.016
https://doi.org/10.3389/fsurg.2022.851923
https://doi.org/10.3389/fsurg.2022.851923
https://doi.org/10.1111/jop.13181
https://doi.org/10.1056/NEJMoa1507471
https://doi.org/10.1038/sj.leu.2402922
https://doi.org/10.1038/sj.leu.2403135
https://doi.org/10.1038/leu.2017.113
https://doi.org/10.3389/fonc.2023.1186198
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yu et al.

38. Riicker FG, Agrawal M, Corbacioglu A, Weber D, Kapp-Schwoerer S, Gaidzik
VI, et al. Measurable residual disease monitoring in acute myeloid leukemia with t
(8;21)(q22;q22.1): results from the AML study group. Blood (2019) 134(19):1608-18.
doi: 10.1182/blood.2019001425

39. Burgos L, Puig N, Cedena MT, Mateos MV, Lahuerta J], Paiva B, et al.
Measurable residual disease in multiple myeloma: ready for clinical practice? |
Hematol Oncol (2020) 13(1):82. doi: 10.1186/s13045-020-00911-4

40. Roshal M, Flores-Montero JA, Gao Q, Koeber M, Wardrope J, Durie BGM, et al.
MRD detection in multiple myeloma: comparison between MSKCC 10-color single-
tube and EuroFlow 8-color 2-tube methods. Blood adv (2017) 1(12):728-32. doi:
10.1182/bloodadvances.2016003715

41. Heuser M, Freeman SD, Ossenkoppele GJ, Buccisano F, Hourigan CS, Ngai LL,
et al. Update on MRD in acute myeloid leukemia: a consensus document from the
European LeukemiaNet MRD working party. Blood (2021) 138(26):2753-67. doi:
10.1182/blood.2021013626

42. Berry DA, Zhou S, Higley H, Mukundan L, Fu S, Reaman GH, et al. Association
of minimal residual disease with clinical outcome in pediatric and adult acute
lymphoblastic leukemia: a meta-analysis. JAMA Oncol (2017) 3(7):¢170580. doi:
10.1001/jamaoncol.2017.0580

43. Cumbo C, Anelli L, Specchia G, Albano F. Monitoring of minimal residual
disease (MRD) in chronic myeloid leukemia: recent advances. Cancer Manage Res
(2020) 12:3175-89. doi: 10.2147/CMAR.S232752

44. Jongen-Lavrencic M, Grob T, Hanekamp D, Kavelaars FG, Al Hinai A,
Zeilemaker A, et al. Molecular minimal residual disease in acute myeloid leukemia.
New Engl ] Med (2018) 378(13):1189-99. doi: 10.1056/NEJMoal716863

45. Tomlinson B, Lazarus HM. Enhancing acute myeloid leukemia therapy - monitoring
response using residual disease testing as a guide to therapeutic decision-making. Expert Rev
Hematol (2017) 10(6):563-74. doi: 10.1080/17474086.2017.1326811

46. Frisone D, Friedlaender A, Addeo A. The role and impact of minimal residual disease
in NSCLC. Curr Oncol Rep (2021) 23(12):136. doi: 10.1007/s11912-021-01131-w

47. Gale D, Heider K, Ruiz-Valdepenas A, Hackinger S, Perry M, Marsico G, et al.
Residual ctDNA after treatment predicts early relapse in patients with early-stage non-
small cell lung cancer. Ann Oncol Off ] Eur Soc Med Oncol (2022) 33(5):500-10. doi:
10.1016/j.annonc.2022.02.007

48. Yang ], Gong Y, Lam VK, Shi Y, Guan Y, Zhang Y, et al. Deep sequencing of
circulating tumor DNA detects molecular residual disease and predicts recurrence in
gastric cancer. Cell Death dis (2020) 11(5):346. doi: 10.1038/s41419-020-2531-z

49. Xia L, Mei ], Kang R, Deng S, Chen Y, Yang Y, et al. Perioperative ctDNA-based
molecular residual disease detection for non-small cell lung cancer: a prospective
multicenter cohort study (LUNGCA-1). Clin Cancer Res an Off ] Am Assoc Cancer Res
(2022) 28(15):3308-17. doi: 10.1158/1078-0432.CCR-21-3044

50. Gath HJ, Brakenhoff RH. Minimal residual disease in head and neck cancer.
Cancer metastasis Rev (1999) 18(1):109-26. doi: 10.1023/A:1006268621730

51. Miyazaki T, Fujita H, Fujimaki K, Hosoyama T, Watanabe R, Tachibana T, et al.
Clinical significance of minimal residual disease detected by multidimensional flow

Frontiers in Oncology

19

10.3389/fonc.2023.1186198

cytometry: serial monitoring after allogeneic stem cell transplantation for acute
leukemia. Leukemia Res (2012) 36(8):998-1003. doi: 10.1016/j.leukres.2012.04.005

52. Ladetto M, Bottcher S, Kroger N, Pulsipher MA, Bader P. Methods and role of
minimal residual disease after stem cell transplantation. Bone marrow transplantat
(2019) 54(5):681-90. doi: 10.1038/541409-018-0307-1

53. Kruse A, Abdel-Azim N, Kim HN, Ruan Y, Phan V, Ogana H, et al. Minimal
Residual Disease Detection in Acute Lymphoblastic Leukemia Int ] Mol Sci. (2020) 21
(3). doi: 10.3390/ijms21031054

54. Pantel K, Alix-Panabiéres C. Liquid biopsy and minimal residual disease - latest
advances and implications for cure. Nat Rev Clin Oncol (2019) 16(7):409-24. doi:
10.1038/s41571-019-0187-3

55. Conter V, Bartram CR, Valsecchi MG, Schrauder A, Panzer-Griimayer R,
Moricke A, et al. Molecular response to treatment redefines all prognostic factors in
children and adolescents with b-cell precursor acute lymphoblastic leukemia: results in
3184 patients of the AIEOP-BFM ALL 2000 study. Blood (2010) 115(16):3206-14. doi:
10.1182/blood-2009-10-248146

56. Ito Y, Miyamura K. Clinical significance of minimal residual disease in
leukemia detected by polymerase chain reaction: is molecular remission a milestone
for achieving a cure? Leukemia lymphoma (1994) 16(1-2):57-64. doi: 10.3109/
10428199409114140

57. Bird JM, Russell NH, Samson D. Minimal residual disease after bone marrow
transplantation for multiple myeloma: evidence for cure in long-term survivors. Bone
marrow transplantat (1993) 12(6):651-4. doi: 10.1111/j.1525-1594.1993.tb03187.x

58. Kuiper RP, Hoogeveen PG, Bladergroen R, van Dijk F, Sonneveld E, van
Leeuwen FN, et al. Minimal residual disease (MRD) detection in acute lymphoblastic
leukaemia based on fusion genes and genomic deletions: towards MRD for all. Br J
haematol (2021) 194(5):888-92. doi: 10.1111/bjh.17744

59. Craig FE, Foon KA. Flow cytometric immunophenotyping for hematologic
neoplasms. Blood (2008) 111(8):3941-67. doi: 10.1182/blood-2007-11-120535

60. Kern W, Bacher U, Haferlach C, Schnittger S, Haferlach T. The role of
multiparameter flow cytometry for disease monitoring in AML. Best Pract Res Clin
haematol (2010) 23(3):379-90. doi: 10.1016/j.beha.2010.06.007

61. Shapiro RM, Kim DDH. Next-generation sequencing-based minimal residual
disease monitoring in patients receiving allogeneic hematopoietic stem cell
transplantation for acute myeloid leukemia or myelodysplastic syndrome. Curr Opin
Hematol (2018) 25(6):425-32. doi: 10.1097/MOH.0000000000000464

62. Rawstron AC, Fazi C, Agathangelidis A, Villamor N, Letestu R, Nomdedeu J,
et al. A complementary role of multiparameter flow cytometry and high-throughput
sequencing for minimal residual disease detection in chronic lymphocytic leukemia: an
European research initiative on CLL study. Leukemia (2016) 30(4):929-36. doi:
10.1038/leu.2015.313

63. Ahmad P, Slots J. A bibliometric analysis of periodontology. Periodontol 2000.
(2021) 85(1):237-40. doi: 10.1111/prd.12376

64. Li D, Yu D, Li Y, Yang R. A bibliometric analysis of PROTAC from 2001 to
2021. Eur ] medicinal Chem (2022) 244:114838. doi: 10.1016/j.ejmech.2022.114838

frontiersin.org


https://doi.org/10.1182/blood.2019001425
https://doi.org/10.1186/s13045-020-00911-4
https://doi.org/10.1182/bloodadvances.2016003715
https://doi.org/10.1182/blood.2021013626
https://doi.org/10.1001/jamaoncol.2017.0580
https://doi.org/10.2147/CMAR.S232752
https://doi.org/10.1056/NEJMoa1716863
https://doi.org/10.1080/17474086.2017.1326811
https://doi.org/10.1007/s11912-021-01131-w
https://doi.org/10.1016/j.annonc.2022.02.007
https://doi.org/10.1038/s41419-020-2531-z
https://doi.org/10.1158/1078-0432.CCR-21-3044
https://doi.org/10.1023/A:1006268621730
https://doi.org/10.1016/j.leukres.2012.04.005
https://doi.org/10.1038/s41409-018-0307-1
https://doi.org/10.3390/ijms21031054
https://doi.org/10.1038/s41571-019-0187-3
https://doi.org/10.1182/blood-2009-10-248146
https://doi.org/10.3109/10428199409114140
https://doi.org/10.3109/10428199409114140
https://doi.org/10.1111/j.1525-1594.1993.tb03187.x
https://doi.org/10.1111/bjh.17744
https://doi.org/10.1182/blood-2007-11-120535
https://doi.org/10.1016/j.beha.2010.06.007
https://doi.org/10.1097/MOH.0000000000000464
https://doi.org/10.1038/leu.2015.313
https://doi.org/10.1111/prd.12376
https://doi.org/10.1016/j.ejmech.2022.114838
https://doi.org/10.3389/fonc.2023.1186198
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The evolution of minimal residual disease: key insights based on a bibliometric visualization analysis from 2002 to 2022
	1 Introduction
	2 Materials and methods
	2.1 Research methods
	2.2 Data source and search strategy
	2.3 Statistical and visual analysis

	3 Results
	3.1 Basic performance information and publication trends
	3.2 Distribution of countries/regions
	3.3 Contributions of institutions
	3.4 Journals and cited journals analysis
	3.5 Author and co-cited author analysis
	3.6 Analysis of keywords
	3.6.1 High frequency and high centrality keyword analysis
	3.6.2 keyword cluster analysis
	3.6.3 Analysis of keyword bursts

	3.7 Analysis of co-cited references and reference burst

	4 Discussion
	4.1 Primary outcomes
	4.2 Development trend of MRD research
	4.3 The situation of countries/regions and institutions in MRD research
	4.4 Representative authors and leading journals on MRD research
	4.5 Hotspots and frontiers of MRD research

	5 Strength and limitations
	6 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


