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Abstract

Adequate blood supply, a prerequisite for flap survival after grafting, makes

angiogenesis of the flap the biggest problem to be solved. Researches have

been conducted around vascularisation in correlation with flap grafting.

However, bibliometric analyses systematically examining this research field

are lacking. As such, we herein sought to conduct comprehensive comparative

analyses of the contributions of different researchers, institutions, and coun-

tries to this research space in an effort to identify trends and hotspots in angio-

genesis and vascularisation in the context of flap grafting. Publications

pertaining to angiogenesis and vascularisation in the context of flap grafting

were retrieved from the Web of Science Core Collection. References were then

analysed and plotted using Microsoft Excel 2019, VOSviewer, and CiteSpace

V. In total, 2234 papers that were cited 40 048 times (17.63 citations/paper)

were included in this analysis. The greatest number of studies were from the

United States, with these studies exhibiting both the highest number of cita-

tions (13 577) and the greatest overall H-index (60). For The institutions that

published the greatest number of studies were WENZHOU MEDICAL

UNIVERSITY (681), while UNIVERSITY OF ERLANGEN NUREMBERG has

the highest number of citations (1458), and SHANGHAI JIAO TONG

UNIVERSITY holds the greatest overall H-index (20). The greatest number of

studies in this research space were published by Gao WY, while Horch RE was

the most commonly cited researcher in the field. The VOS viewer software

clustered relevant keywords into three clusters, with clusters 1, 2, 3, and 4

corresponding to studies in which the keywords ‘anatomy’, ‘survival’, ‘trans-
plantation’, ‘therapy’ most frequently appeared. The most promising research

hotspot-related terms in this field included ‘autophagy’, ‘oxidative stress’,
‘ischemia/reperfusion injury’, which exhibited a most recent average

appearing year (AAY) of 2017 and after. Generally speaking, the results of

this analysis indicate that the number of articles exploring angiogenesis and
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flap-related research has risen steadily, with the United States and China being

the two countries publishing the greatest proportion of studies in this field.

The overall focus of these studies has shifted away from ‘infratest and tissue

engineering’ towards ‘mechanisms’. In the future, particular attention should

be paid to emerging research hotspots, which include ‘ischemia/reperfusion

injury’ and treatments for promoting vascularization, such as ‘platelet-rich
plasma’. In light of these findings, funding agencies should continue increas-

ing their investment in the exploration of the concrete mechanisms and inter-

ventional therapeutic relevance of angiogenesis during flap transplantation.
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1 | BACKGROUND

Flap grafting is a significant technique during plastic and
reconstructive surgery. While repairing tissue defects
resulting from the removal of tumours, severe trauma1 by
transferring body tissue containing epithelial tissue, dermal
tissue, subcutaneous tissue (which may include muscle or
bone), and accompanied vascular tissue2 from one site to
another. The transposition of flaps includes ordinary-tipped
transfer flaps and free composite tissue flaps, etc.

Angiogenesis refers to the formation of new vessels
from pre-existing vascular networks guided by endothe-
lial cells, which occurs primarily when the tissue requires
an adequate supply of nutrients and oxygen and included
steps, such as proliferation, migration, lumen formation,
differentiation, and maturation, each involving multiple
growth factors, receptors, and molecules.3 Endothelial
cells activated by signals from pro-angiogenic mediators,
such as angiogenic factors invade the adjacent domains,
leading to new sprouts, and then gradually build up the
lumen, thus lengthening the vessel wall, until the pro-
angiogenic signals diminish and a quiescent state is
re-established.4 In adults, vessels are quiescent stable,
rarely forming new branches under physiological condi-
tions. Endothelial cells line the inner surface of the vessel
to support tissue growth and repair, maintaining high
plasticity in sensing angiogenic signals. Adequate
vascularisation is a hinge step in many physiological or
pathological processes, such as pregnancy, tumour metas-
tasis, wound healing, and bone regeneration.5

The extensive vascular network not only effectively
removes metabolic waste and provides channels of action
for immune monitoring and infiltration, but more impor-
tantly, it nourishes tissues as it supplies oxygen, nutri-
ents, and growth factors to normal tissue, tumour tissue
and especially traumatised tissue, such as skin flaps.6 A
prerequisite for flap survival is an adequate blood supply;

however, blood supply is often limited during flap repair,
and flap borders away from major vessels are prone to
necrosis after grafting. Angiogenesis of the flap is the big-
gest problem to be solved, and by increasing the formation
of new vessels and creating a new capillary network the
blood supply can be improved, thus increasing the survival
rate of the flap.7 The design of any flap must therefore
carefully consider the vascular structure and blood supply.

Inadequate blood perfusion, tissue ischaemia induced
by inflammation and oxidative stress, and inadequate
vascularisation may lead to failure of flap transfer.8

Deheng et al. also demonstrated in a rat flap model that
promoting vascular endothelial growth factor (VEGF)
expression increased flap angiogenesis and that treated
flaps had a greater viable tissue area and less oedema.9,10

A growing number of studies have confirmed that the
availability of appropriate vascularization is closely
related to flap survival and quality.11,12

Some preclinical studies have already focused on
developing vascularisation strategies to stimulate regen-
eration of injured tissue, and the diversity of vascularisa-
tion signalling pathways allows it to be regulated at
multiple levels. On the one hand, inadequate angiogene-
sis can lead to ischaemic conditions such as myocardial
infarction, stroke, and poor wound healing,13 while on
the other hand, excessive vascularisation or abnormal
remodelling can lead to accelerated infiltration of cancer
and inflammation, for example. Preoperative and intrao-
perative application of VEGF has been shown to improve
flap survival by increasing angiogenesis and blood
supply,14 and exosomes derived from human umbilical
vascular endothelial cells (HUVECs) stimulated by oxida-
tive stress significantly promote the pro-angiogenic
capacity of endothelial progenitor cells (EPCs) via the
Wnt/β-catenin signalling pathway, thereby improving
randomised flap survival in vivo. flap survival; therefore,
exosomes secreted by HUVECs after oxidative stress
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stimulation may also be considered as an alternative ther-
apy to improve flap survival.15

Good mastery of the vascularisation process has
become a major, but challenging, goal. Many techniques
are dedicated to promoting the progression of vasculari-
sation, often using functional cells, such as adipose-
derived stem cells,16 cytokines, such as VEGF,17 and
drugs such as deferoxamine18 to promote the migration
of various angiogenic cells to form microvessels, thereby
improving blood supply and accelerating tissue regenera-
tion to improve flap survival. The use of lasers to promote
the expression of angiogenic markers such as VEGF and
hypoxia-inducible factor 1-alpha (HIF-1α) to promote
angiogenesis after flap transfer is also commonly used.19

However, the current methods that exist to stimulate
angiogenesis in order to expect better flap survival have
not yet achieved the desired results in clinical trials.

In summary, the importance of angiogenesis has
stimulated the interest of researchers, and if this process
can be captured well, it can greatly increase the chances
of flap survival. Bibliometrics and visual analysis can
analyse the selected documents from multiple dimen-
sions, help to deeply understand the relationship between
the retrieved documents, intuitively present the develop-
ment rules and future trends of academic research in spe-
cific fields, and provide a reference and basis for
academic research and innovation.20,21 The aim of this
paper is to explore the mechanistic link between vascu-
larization and flaps with bibliometrics and seek better
ways to develop angiogenesis in flaps, thereby increasing
the chances of flap survival.

2 | METHODS

2.1 | Search strategies

Bibliometrics is one of the most common approaches for
classifying bibliographic material. The Clarivate Analytics'
‘Web of Science Core Collection’ search function was
employed to analyse the bibliometrics of vascularization and
flap, which has a specific and precise search engine. All data
used for the present study were downloaded on September
1, 2022. The literature search was conducted using the
following search terminology: TS = (‘hem*tology’ OR
‘vascularization’ OR ‘vascularity’ OR ‘angiopoiesis’
OR ‘vas*formation’ OR ‘verifaction’ OR ‘angiogenesis’ OR
‘neovascularization’ OR ‘blood vessel formation’ OR ‘arter-
iogenesis’) and TS = (flap*). The Web of Science Core
Collection covers 2234 relevant articles in this analysis pub-
lished from 1999–2022 in English (Figure 1).

Based on the bibliometric analysis of those docu-
ments, various essential research indicators were

downloaded and described, such as the most prominent
authors in this theme, the year of publication, the most
impactful articles, nationality, journals, and the institu-
tions that have made the greatest contribution to this
theme. All analyses were performed on a single day to
avoid the impact of WoS database updates on the resul-
tant analysis.

2.2 | Data collection and analysis

Three authors (Tong X, Xiao ZH, and Li P) independently
identified studies from the Web of Science Core Collection
(WoSCC), which is often used in the bibliometric analysis,
and extracted key data of interest like emerging trends,
countries, institutions, important journals, authors, citation
frequency, and the Hirsch index (H-index) in this field. All
collected data were imported into Microsoft Office 365 (-
Washington), VOSviewer (Leiden University, Leiden, the
Netherlands), and CiteSpace V (Drexel University, Pennsyl-
vania) for the subsequent bibliometric analyses. CiteSpace
has become an important tool for bibliometric analysis in
recent years and is always applied to produce a visual
knowledge map for knowledge domain exploring.22

3 | RESULTS

3.1 | Distribution of articles by
publication years

This section presents the total number of studies found in
WoS about vascularization and flap from 1999 to 2022,
which is 2234. The overall publishing volume has fluctu-
ated from 1999 to 2022, but the overall trend appears to be
rising. The publications of 2020 is the highest (161), almost
four times as many as the 41 publications in 1999. Based
on these trends, the number of studies forecast to be pub-
lished in 2022 in this field is 165. Given that 157 outputs
have already been published in this field for the current
year as of September 1, 2022, the actual output may exceed
our forecasts. It is not difficult to draw the conclusion that
the number of relevant studies in this field will continue
to grow in the next 2 years, but we cannot rule out the
existence of slight downward fluctuations.

3.2 | Contribution of countries/regions
and an analysis of international
cooperation

Overall, the included studies were associated with 2058
institutions and 76 countries/regions. The research of the
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United States in this field has the highest number of stud-
ies, with 569 publications and leading citations which
was 13 577, far exceeding those of subsequent countries.
Peoples R China ranked second in the publication num-
bers with 315, followed by Germany (211 papers), Turkey
(194 papers), Japan (173 papers), while Germany has the
second highest citations which is 5225, followed by
Peoples R China (3960 citations), Japan (3711 citations),
Italy (2150 citations). It can be seen that the citation rate

of articles in this field does not rank completely with the
number of articles published.

The overall national output of the 10 most productive
countries/regions is summarised in Table 1 and Figure 2B.
Moreover, a large number of cooperation between many
countries/regions were observed in Figure 3A, most nota-
bly between the United States and European countries.

A cluster analysis revealed that 39 countries/regions
were represented over five times, and these were grouped

FIGURE 1 The search strategy used for the present bibliometric analysis. Searches of the Web of Science database were conducted with

the following approach: TS = (‘hem*tology’ OR ‘vascularization’ OR ‘vascularity’ OR ‘angiopoiesis’ OR ‘vas*formation’ OR ‘verifaction’
OR ‘angiogenesis’ OR ‘neovascularization’ OR ‘blood vessel formation’ OR ‘arteriogenesis’) and TS = (flap*). Studies published from

January 1st, 1998 to November 1st, 2022 were eligible for inclusion. Of the 2415 studies identified through this initial search, 104 non-

English studies were excluded, with 2234 of the remaining 2311 studies ultimately being included in the following analyses following the

removal of 77 studies that did not meet with selected inclusion criteria. TS, topic search.
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TABLE 1 The top 10 countries/

regions with the greatest numbers of

vascularization and flap relevant

publications

Rank Country Documents Citations H-index

1 USA 569 13 577 60

2 PEOPLES R CHINA 315 3960 30

3 GERMANY 211 5225 37

4 TURKEY 194 1826 22

5 JAPAN 173 3711 31

6 ITALY 117 2150 27

7 FRANCE 115 2038 23

8 SOUTH KOREA 101 1306 18

9 SWITZERLAND 76 1973 22

10 BRAZIL 64 778 16

FIGURE 2 Trends of the publications number and analysis of countries in angiogenesis and flap-related research. A, The annual

worldwide publication output. B, Publication output growth trends of the top 10 countries.
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into 10 clusters based upon the numbers of co-authored
articles (Figure 3A). The first cluster included Australia,
Belgium, Finland, Iran, the Netherlands, and Sweden.
The second cluster included Austria, Denmark, Greece,
Hungary, Italy, and Romania. The third included Egypt,
India, Saudi Arabia, Spain, and Turkey. The fourth clus-
ter included Germany, Poland, Serbia, Switzerland, and
Vietnam. The fifth cluster included Canada, Israel, Peo-
ples R China, Thailand, United States. The sixth cluster
included Argentina, France, and Russia. The seventh
cluster included Singapore, South Korea, and Taiwan.
The eighth cluster included Indonesia and Japan. The
ninth cluster included Brazil and Portugal. The tenth
cluster included England and New Zealand.

Overall, there was a number of collaborative research
between the United States and Japan as well as the
United States and Germany. Thailand, except for the
United States, has poor collaborative research with other
countries. In contrast to the United States, the second
most productive country- Peoples R China tends to con-
duct research independently from other countries, whose
reasons remain to be explored.

3.3 | Institutional contributions

The 10 institutions that have contributed most substan-
tially to this field are compiled in Table 2, and include
the Wenzhou Medical University (81 papers), the Shang-
hai Jiao Tong University (66, 2.954%), the Udice French
Research Universities (49, 2.193%), the University of
Erlangen Nuremberg (41, 1.835%), and Harvard Univer-
sity (39, 1.746%). Similar to the data of countries/regions,
the citation ranking of each institution is also quite differ-
ent from the publication ranking. The University of
Erlangen Nuremberg, the fourth largest publisher, has
the highest number of citations which is 1485, while the
University of Texas System, the seventh largest publisher,
has the second highest number of citations which is 1386.
We then used VOSviewer to conduct a co-authorship
analysis focused on institutions in an effort to elucidate
collaborative relationships (Figure 3B). In this analysis,
106 institutions exhibited >10 documents, forming a
co-authorship network that was separated into 8 clusters.
Among these institutions, the Chinese Academy of
Sciences, Shanghai Jiao Tong University, and the Univer-
sity of Pennsylvania exhibited the closest cooperative
relationships.

We then used VOSviewer to conduct a co-authorship
analysis focused on institutions in an effort to elucidate
collaborative relationships (Figure 3B). In this analysis,
106 institutions exhibited >10 documents, forming a
co-authorship network that was separated into eight

clusters. Among these institutions, the Shanghai Jiao Tong
University, Harvard Medical School, Columbia University,
Stanford University, University of Bern, and New York
University exhibited the closest cooperative relationships.

3.4 | Leading journals in this field

In total, 607 total journals were found to have contrib-
uted to the identified research output in this field
(Table 3), with the 10 most productive of these journals
being compiled in Table 2. The greatest number of stud-
ies in this field were published in plastic and reconstruc-
tive surgery (177 publications, 6357 citations), followed
by Annals of Plastic Surgery (151 publications, 2022 cita-
tions), and Journal of Plastic Reconstructive and Aes-
thetic Surgery (99 publications, 1506 citations) (Table 4).

3.5 | Publication distributions by author

The 2234 identified publications associated with research
focused on vascularization and flap were from 9453
authors, with the top 10 who contributed most to this field
being shown in Table 2. Gao WY ranked first among these
authors with 31 publications, followed by Lin DS (30 arti-
cles), Horch RE (29 articles), Zhang F (27 articles), Linea-
weaver WC (24 articles), and Kneser U (22 articles). Horch
RE and the team additionally exhibited the greatest num-
ber of citations in this analysis (1244) with an H-index of
16, ranking them first in this research field. Kneser U was
ranked sixth in the field, with a team that had published
22 articles, while their citations were ranked second,
which cited 1142 times, and the H-index was 14. Almost
all of these authors had H-index values greater than 10.

Highly cited articles in this research space included
the most highly cited article by Saint-Cyr Michel et al.
published in Plastic and Reconstructive Surgery in 2009
with 436 citations, followed by a review article by Kneser
U. et al. (390 citations) in the Journal of Cellular and
Molecular Medicine.

3.6 | Web of science categories

In a category analysis, 20 categories that appeared over
60 times were identified (Table 5). Among these catego-
ries, Surgery, Medicine Research Experimental, Dentistry
Oral Surgery Medicine, Orthopaedics, Engineering Bio-
medical, Otorhinolaryngology, Radiology Nuclear Medi-
cine Medical Imaging, Peripheral Vascular Disease, and
Urology/Nephrology were respectively ranked 1, 2, 3, 5,
6, 8,12, 17, and 19.
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FIGURE 3 Cluster analysis of countries/regions and Institutions. A, A visualisation map was generated in which 39 countries/regions

were grouped into 10 collaborative clusters, with each cluster having a specific colour. Nodes correspond to countries, with node size

being proportional to the number of publications. Links indicate collaborations, with the distance and thickness of these links being

related to the strength of that collaboration. B. A visualisation map was generated in which 106 institutions were grouped into

8 collaborative clusters.
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3.7 | Keyword analysis

Next, the VOSviewer application was used to extract key-
words from the titles of the abstracts of these 2234 stud-
ies, revealing 186 keywords that were present a
minimum of 15 times. These keywords were subse-
quently grouped into four clusters based upon the num-
ber of articles in which they co-occurred (Figure 4A). The
first cluster (red) consisted of 71 keywords, the highest
frequency of which were anatomy, reconstruction, flap,
defects, and surgery. The second cluster (green) consisted
of 55 keywords, the highest frequency of which were

angiogenesis, survival, endothelial growth-factor, model,
expression and VEGF. The third cluster (blue) consisted
of 45 keywords, the highest frequency of which were vas-
cularization, tissue, transplantation, stem-cells, tissue
engineering, and regeneration. The fourth cluster (yel-
low) consisted of 15 keywords, the highest frequency of
which were neovascularization, therapy, growth factor,
wound healing, revascularization, hypoxia, and prolifera-
tion. The most current keywords in this network
included autophagy, oxidative stress, indocyanine green,
scaffold, random skin flap, outcomes, protection, ische-
mia/reperfusion injury, and adipogenesis (Figure 4B).

TABLE 2 The top 10 institution with the greatest numbers of vascularization and flap relevant publications

Rank institution Documents Citations H-index

1 WENZHOU MEDICAL UNIVERSITY 81 681 15

2 SHANGHAI JIAO TONG UNIVERSITY 66 1182 20

3 UDICE FRENCH RESEARCH UNIVERSITIES 49 698 16

4 UNIVERSITY OF ERLANGEN NUREMBERG 41 1458 19

5 HARVARD UNIVERSITY 39 899 14

6 UNIVERSITY OF CALIFORNIA SYSTEM 35 1131 16

7 UNIVERSITY OF TEXAS SYSTEM 31 1363 16

8 EGYPTIAN KNOWLEDGE BANK EKB 30 323 8

9 YONSEI UNIVERSITY 30 459 12

10 CHANG GUNG MEMORIAL HOSPITAL 29 670 13

TABLE 3 The top 10 journals and authors with the largest number of angiogenesis and flap-related research publications

Rank Journal Documents Citations Rank Author Documents Citations

1 PLASTIC AND RECONSTRUCTIVE
SURGERY

177 6357 1 Gao WY 31 295

2 ANNALS OF PLASTIC SURGERY 151 2022 2 Lin DS 30 350

3 JOURNAL OF PLASTIC
RECONSTRUCTIVE AND AESTHETIC
SURGERY

99 1506 3 Horch RE 29 1244

4 JOURNAL OF RECONSTRUCTIVE
MICROSURGERY

80 926 4 Zhang F 27 793

5 JOURNAL OF CRANIOFACIAL
SURGERY

66 477 5 Lineaweaver
WC

24 753

6 MICROSURGERY 56 923 6 Kneser U 22 1142

7 SURGICAL AND RADIOLOGIC
ANATOMY

35 524 7 Arkudas A 19 557

8 JOURNAL OF SURGICAL RESEARCH 33 574 8 Ding J 17 233

9 AESTHETIC PLASTIC SURGERY 32 249 9 Li H 17 268

10 PLASTIC AND RECONSTRUCTIVE
SURGERY GLOBAL OPEN

30 72 10 Morrison
WA

16 817
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TABLE 4 The top 10 publications with the highest citation of angiogenesis and flap-related research articles

Rank Authors Title Journal Year Citations

1 Saint-Cyr Michel, Wong Corrine,
Schaverien Mark, Mojallal Ali,
Rohrich Rod J.

The Perforasome Theory: Vascular
Anatomy and Clinical
Implications

PLASTIC AND
RECONSTRUCTIVE SURGERY

2009 436

2 Kneser U., Schaefer D. J.,
Polykandriotis E., Horch R E.,

Tissue engineering of bone: the
reconstructive surgeon's point of
view

JOURNAL OF CELLULAR AND
MOLECULAR MEDICINE

2006 390

3 Kelly BT, Weiland DE, Schenker
ML, Philippon MJ

Arthroscopic labral repair in the
hip: Surgical technique and
review of the literature

ARTHROSCOPY-THE JOURNAL
OF ARTHROSCOPIC AND
RELATED SURGERY

2005 297

4 Nahabedian MY, Tsangaris T,
Momen B

Breast reconstruction with the
DIEP flap or the muscle-sparing
(MS-2) free TRAM flap: Is there a
difference?

PLASTIC AND
RECONSTRUCTIVE SURGERY

2005 228

5 Yazar S, Lin CH, Wei FC One-stage reconstruction of
composite bone and soft-tissue
defects in traumatic lower
extremities

PLASTIC AND
RECONSTRUCTIVE SURGERY

2004 213

6 Haroon ZA, Hettasch JM, Lai TS,
Dewhirst MW, Greenberg CS

Tissue transglutaminase is
expressed, active, and directly
involved in rat dermal wound
healing and angiogenesis

FASEB JOURNAL 1999 210

7 Pflicke Holger, Sixt Michael Preformed portals facilitate
dendritic cell entry into afferent
lymphatic vessels

JOURNAL OF EXPERIMENTAL
MEDICINE

2009 202

8 VandenDriessche T, Thorrez L,
Naldini L, Follenzi A, Moons L,
Berneman Z, Collen D, Chuah
MKL

Lentiviral vectors containing the
human immunodeficiency virus
type-1 central polypurine tract
can efficiently transduce
nondividing hepatocytes and
antigen-presenting cells in vivo

BLOOD 2002 198

9 Hwang Debby, Wang Hom Lay Flap thickness as a predictor of root
coverage: A systematic review

JOURNAL OF
PERIODONTOLOGY

2006 192

10 Hacking SA, Bobyn JD, Toh KK,
Tanzer M, Krygier JJ,

Fibrous tissue ingrowth and
attachment to porous tantalum

JOURNAL OF BIOMEDICAL
MATERIALS RESEARCH

2000 179

TABLE 5 The top 20 web of science categories with the largest number of vascularization-related research in the context of flap articles

Rank Web of Science category Documents Rank Web of Science category Documents

1 Surgery 1287 11 Oncology 59

2 Medicine Research Experimental 162 12 Radiology Nuclear Medicine Medical Imaging 58

3 Dentistry Oral Surgery Medicine 132 13 Anatomy Morphology 57

4 Cell Biology 118 14 Materials Science Biomaterials 57

5 Orthopaedics 112 15 Medicine General Internal 57

6 Engineering Biomedical 97 16 Ophthalmology 53

7 Dermatology 92 17 Peripheral Vascular Disease 52

8 Otorhinolaryngology 74 18 Biotechnology Applied Microbiology 49

9 Cell Tissue Engineering 70 19 Urology Nephrology 46

10 Pharmacology Pharmacy 61 20 Multidisciplinary Sciences 45
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FIGURE 4 A co-occurrence network visualisation map for keywords. A, A visualisation map grouped into five clusters consisting

of nodes with the same colour. B, Node colour corresponds to average publication year associated with the indicated keywords.

Nodes represent keywords, node size is proportional to publication number, and line thickness and the size between nodes is

proportional to the relative strength of that collaborations. Yellow nodes respectively corresponding to earlier and more recent

publications.
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FIGURE 5 Co-occurrence of keywords in research on the correlation between vascularization and flap.

FIGURE 6 Timeline overview of co-cited studies associated with angiogenesis and flap-related research.
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3.8 | Co-cited reference analysis

Using CiteSpace 5.6.R4 visualisation software, using the
keyword as the node type, the items with the most refer-
ences or appearances in the top 5% were selected to get
a co-occurrence map (Figure 5). Afterwards, we con-
ducted a temporal co-citation analysis (Figure 6), which
revealed that the majority of the co-cited references
were published from 1999 to 2000. Perforator flap (clus-
ter #0), tissue engineering (cluster #1), angiogenesis
(cluster #2), graft (cluster #3), and repair (cluster #4)
emerged as early and persistent hotspots in this field.
Cluster #0 (perforator flap) contained the greatest num-
ber of articles.

In order to better realise the value of literature
retrieval and induction that plays a leading role in
the research in this field, in the basis of using ‘timeline’
to show the keyword co-occurrence map, the top
25 highlighted keywords were obtained (Figure 7). The
highest intensity includes ‘oxidative stress’ (15.09,
2014–2022) and ‘gene therapy’ (12.13, 2004–2011).
With the deepening of the research, the high-
lighted keywords gradually transformed into oxidative
‘oxidative stress’ (15.09, 2014–2022), ‘scaffold’ (9.3,
2007–2022), ‘protect’ (5.76, 2013–2022), ‘injury’ (5.19,
2002–2022), and ‘hydrogel’ (6.26, 2020–2022), all
of which to some extent confirm the conclusion
of diversification, specialisation and in-depth of

FIGURE 7 Burst keywords in research on the correlation between vascularization and flap.
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the research in this field in the stage of the research
surge in recent years.

4 | DISCUSSION

4.1 | Overview of the global quality and
status of publications in this field

First, in the extraction of publications, we choose Web of
Science as it provides precise and specific search engines
for our selected fields. The selected literature were results
not only based on the database used but also strongly
influenced by the search strategy. Although constant
revisions have been made to our search strategy, there
were still some articles related to tumours and oral muco-
sal diseases,23,24 which have no direct relationship with
vascularization and skin flaps. Generally speaking, the
bias caused by these individual articles is limited, while a
large number of articles related to vascularization and
flap are presented. The overall number of publications
has grown steadily.

By evaluating the total number of citations produced
by a given country, researchers will be able to judge
the academic impact of that nation in a specific field.
Currently, the United States has made the greatest
impact on research pertaining to vascularization and flap
(569 publications, 13 577 citations), followed by Germany
(211, 5225), Peoples R China (315, 3960). The H-index of
the United States (60) was also far ahead of other coun-
tries, making it the only country with a total number of
citations of more than 10 000. Both the H-index and total
number for citations of the United States were almost
twice or even 20 times more than those of other top-10
countries in publications. Thus, it can be inferred that
the United States has been the overall leader in this field
to date. In contrast, the H-index for BRAZIL was rela-
tively low (16), which was the last one in the top 10 coun-
tries, while the total number of citations for BRAZIL was
also the lowest (778).

The growth in the number of publications in China is
impressive in all fields, including vascularization and
flap. Along with this, although the number of articles
from China is second only to the United States in vascu-
larization and flap research, the number and proportion
of Chinese articles cited has not seen a significant
increase, and even the number of citations was far lower
than that of Germany. However, it is worth noting that
the frequency of citations does not fully reflect the inher-
ent scientific value of the article. The possibility of being
cited may be reduced because the names of Chinese
researchers have not been recognised by all countries and
regions. At the same time, it does not rule out that the

influence of China's articles in this field was lower than
that of Germany and Japan, whose publication numbers
were lower than China's.

The top 10 institutes publishing research on vasculari-
zation and flap were basically consistent with the top
10 countries in this research area. Chinese and American
institutions account for half of the top 10 institutes. It is
worth noting that the United States and China also
ranked in the top two in the publication numbers, which
illustrates the importance of focused research institutes
as representative of the academic output for a given
nation. Researchers such as Gao WY and Horch RE who
had published higher numbers of studies generally pos-
sess more representation and a higher reputation in the
field, while the contributions of Gao WY were mostly
published in the last 5 years. Based on the existing
research in the last 5 years on vascularization and flap,
Lin DS and Ding J are also likely to further explore and
discover this field.

When researchers consider selecting journals to pub-
lish research results, they usually hope that journals are
relevant to the publication theme, and also hope that
their research can reach a large number of interested
readers. Plastic and Reconstructive Surgery and Annals
of Plastic Surgery have published the greatest number of
studies focused on vascularization and flap, followed by
Reconstructive and Asthetic Surgery, Journai of Recon-
structive Microsurgery Journal, and Craniofacial Surgery.
Taking the quality of publications into consideration,
Plastic and Reconstructive Surgery has published three of
the top 10 highly-cited publications, while journals in
other fields such as Cellular and Molecular Medicine. It
can be seen that the articles related to vascularization
and flap were mainly published in the journals related to
plastic surgery and reconstruction,25-27 which makes it
more convenient for researchers to query and read rele-
vant journals. In the meantime, researchers in this field
should pay attention to contributions from cytobiology
and other journals.

4.2 | Hotspot analysis of research
pertaining to vascularization and flap

In this paper, we performed a bibliometric analysis of
vascularization and flap, which has been shown to be a
positive and rapidly developing scientific field with criti-
cal progress. In general, the number of publications was
on the rise, the highest number in 2020 is almost four
times that of 1999, but there were several fluctuations in
the publications number. More than 76 countries and
2058 institutions have explored and contributed to this
scientific field.
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With the development of regenerative repair technol-
ogy, flap transplantation, an important technique com-
monly used in reconstructive surgery, has developed
more and more operation methods and new explora-
tion.28-30 Selection of flaps for wound coverage requires
consideration of their inherent anatomical and vascular
characteristics, as well as their immunogenicity and lym-
phatic properties and their ability to promote healing and
improve the function of the recipient site.31-33 Among
them, the insurance of an adequate blood supply is par-
ticularly important for the survival and function of the
flap to effectively promote angiogenesis, especially in the
distal region of the flap, and prevent necrosis. During bib-
liometric analysis, we found that the improvement of flap
operation was mainly through the exploration of anat-
omy and radiology, using autopsy, Doppler ultrasound,
computed tomography, and vessel angiography to
determine the key blood vessels of the flap.34,35 Many
studies focused on the molecular mechanisms and related
pathways of stem cells and human umbilical vein
endothelial cells in the hope of effectively promoting vas-
cularization.36 There have also been new postoperatively
evaluated flap microcirculation and perfusion, such as
fluorescence imaging techniques.37,38 However, the safe
and effective dose of fluorescence technology still needs
to be further explored.39 Many articles have evaluated the
effectiveness of flap transplantation by conducting retro-
spective studies on wound size, degree of vascularization,
surgical technique, and complications.40-42 In addition,
studies have shown that vascularization can also promote
nerve regeneration and repair, providing a healthy tissue
bed for the flap.43 We found it interesting that in addition
to the common pedicled flap, musculocutaneous flap, fas-
cia flap, and flap, omentum flap, as a free flap, has
become a valuable tool in reconstruction. Free omentum
flaps can also be used for lymphedema treatment and
vascularization, as well as for cerebrospinal fluid leak-
age.44,45 Meanwhile, the arteriovenous (AV) loop model
is considered an alternative to conventional free flaps as
it permits the creation of significant volumes of axially
vascularized tissue.29

New research hotspots such as tissue engineering
might bring a breakthrough to this certain field; scaffolds
and bioengineered adipose tissue are being used as a
promising substitute for autologous skin flaps for defect
reconstruction.46 While the survival of engineered tissue
structures also depends on adequate vascularization,
challenges remain in inducing vascularization for long-
term function.47 Many high-impact factor articles are also
mainly related to tissue engineering technologies, reflect-
ing the importance of translational medicine in flap
repair and its future strategy and development direc-
tion.48-50 Predicting the future research direction and

development trend of vascularization and flap based on
the current literature can effectively and accurately guide
researchers towards further research. In view of these
results, we believe that many detailed studies on vascu-
larization and flap will be published in the coming years.

5 | CONCLUSION

The research on vascularization and flaps is increasing,
focusing on the flap operation, the molecular mechanism
to promote flap vascularization, the methods to enhance
the viability of the flap, and tissue engineering tech-
niques so as to better promote the survival and functional
maintenance of the flap. However, the international com-
munity is still faced with a great challenge to effectively
improve flap angiogenesis. In summary, our bibliometric
analysis provides a comprehensive overview of vasculari-
zation and flap research over the past 20 years, which
may help researchers better understand the general pro-
file and future trends in this field.
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