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Abstract

Tissue engineering is defined as a multidisciplinary scientific discipline with the main objective to develop artificial
bioengineered living tissues in order to regenerate damaged or lost tissues. Since its appearance in 1988, tissue
engineering has globally spreaded in order to improve current therapeutical approaches, entailing a revolution in
clinical practice.

The aim of this study is to analyze global research trends on tissue engineering publications in order to realize
the scenario of tissue engineering research from 1991 to 2016 by using document retrieval from Web of Science
database and bibliometric analysis. Document type, language, source title, authorship, countries and filiation
centers and citation count were evaluated in 31,859 documents.

Obtained results suggest a great multidisciplinary role of tissue engineering due to a wide spectrum —up to 51—
of scientific research areas identified in the corpus of literature, being predominant technological disciplines as
Material Sciences or Engineering, followed by biological and biomedical areas, as Cell Biology, Biotechnology or
Biochemistry. Distribution of authorship, journals and countries revealed a clear imbalance in which a minority is
responsible of a majority of documents. Such imbalance is notorious in authorship, where a 0.3% of authors are
involved in the half of the whole production.
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Due to the accumulation of scientific information, an at-
tempt of gathering systematic metadata about the global pro-
duction in TE-related research can be used for the identifica-
tion of hotspots and main topics within the field of knowledge.
In this milieu, bibliometric methodology is a tool that provides
quantitative analysis from publications. Bibliometric analysis
aims to identify the corpus of literature within a given subject
area, as TE, by content or citation analysis [8,9]. Studying the
origin, format, type and citation count of published journal
articles provides an insight into the quantity and scholarly
impact of reported research. Evaluation and understanding of
the international trends in research output provides valuable
insight into the direction of TE in the future. Even more,
bibliometrics provides relevant information in translational
research and advanced therapies as it identifies the most de-
veloped issues that are close to clinical translation and, thus,
experimental promotion and funding is worthy. In this sense,
bibliometrics have been already performed for analysis of
global trends in many medical disciplines [10-16]. However,
bibliometric analysis has not been applied for the study of
the literature corpus in TE, except for Dai, Yang and Li who
analyzed 314 documents from 1987 to 1999 [17].

Digitalization of scientific information and the availability
of new tools for metrics (statistics, bibliographic software,
page ranks, social media...) allow the analysis of the impact
and distribution in a large variety of ways [8]. In this sense,
sometimes the huge account of available documents about a
consolidated subject or the wide heterogeneity of the thematic
field makes hard and difficult an analysis of all data. Thus,
representative sampling is performed by selecting documents
of a specific geographic region [18-20], an specific thematic
journal [21-23] or top-cited documents of the subject area
[24-27]. TE is considered an emerging research field and
it would be interesting to analyze all reported documents to
visualize global trends and distribution, as it has been reported
in other emerging areas [28-30].

The aim of this study is to analyze global research trends on
tissue engineering publications in order to realize the scenario
of global tissue engineering research from the beginning to
nowadays and, therefore, the impact, the characteristics and
spread of TE in medicine. Data extracted from this analysis
could play a key role to determine the most productive areas in
the evolution of TE in order to promote a clinical translation
and, therefore, a better approach to solve relevant human
diseases and injuries.

1. Methods

The metadata used in this study were obtained from the Web
of Science (WoS) core collection database of the Institute for
Scientific Information (ISI) (Philadelphia, PA, USA). WoS is
considered one of the most complete and reliable databases
of scientific information, as it gathers information of 8,917
scientific journals. Citation data provided by ISI is one of the
main advantages of WoS besides other scientific databases as
MedLine.

Documents were retrieved by searching (“TISSUE EN-
GINEER*” or “TISSUE-ENGINEER*”) as topic on SCI-
Expanded collection, within a period range between 1991 and
2016. Obtained results were analyzed by publication type.
Then, further bibliometric analysis was performed on arti-
cles by excluding reviews, book chapters, meeting abstracts
and proceeding papers. Once obtained, all the journal arti-
cles referring to TE in the past 26 years (from 1991 to 2016)
were assessed by the following criteria: languages, WoS re-
search areas and categories, source title, countries, filiation
institutions, authors and citation count. Leading to a further
comprehension of global trends, some of these analyses were
performed over 3 time groups: (1) from 1991 to 1999, (2)
from 2000 to 2008 and (3) from 2009 to 2016. The selection
of these ranges were adjusted to global production taking into
account that the amount of documents is higher as time goes
nearer to nowadays.

2. Results

2.1 Document type and language

A total of 41,588 documents were retrieved from IST Web of
Science after performing the search strategy described pre-
viously, corresponding to 26 years of global production that
form the corpus of literature at TE. As it can be shown in
Figure 1, journal article is the dominant type of document as it
appears up to 31,859 documents (76.61 % of the corpus), fol-
lowed by 5,004 reviews (12.03% of the corpus), 2,859 meeting
abstracts (6.87%) and 1866 proceeding papers (4.48%).
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Figure 1. Publication of documents referred to TE assessed

by type of document from 1991 to 2016. Evolution shows a

remarked increasing trend being journal article the dominant
type of document followed by review, proceeding paper and
meeting abstract.

Publication of journal articles has been increasing from the
beginning and especially during last years. Review production
shows similar increasing trend. Other documents type are less
remarkable as meeting abstract that maintained annual amount
of publication during last decade Proceeding papers also show
a slight decreasing trend from 2008 to nowadays.
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Cumulative journal article production by year, as seen in
Figure 2, adjusts to exponential and potential model with R> =
0.945 and 0.9643 respectively. Furthermore, third-degree
polynomic model showed to be the most accurate model
(R? > 0.999) for predictions on future production. Using the
polynomic function y = 2.743x3-24.195x% +19.946x 4 144.1,
it can be predicted that literature will double by 2023. Besides,
near 2027 the amount of article journals related to TE will be
three-fold current number.

Regarding the language of publication, the vast majority of
journal articles are written in English (98.05%), while there
are less than 2% of documents which uses other language as
German (0.60%), Chinese (0.52%), Korean (0.43%), French
(0.11%), Japanese (0.08%) or Spanish (0.05%). These results
show the relevance of English as the language that most of
research areas use for global communication of new findings.

2.2 Research areas

Distribution of the corpus of literature in research areas re-
sulted more heterogeneous as recent years were assessed (data
not shown). At the beginning of the series, in 1991, all doc-
uments were distributed among 5 research areas. In 2016,
published articles could be found among 151 research areas,
which emphasize the growth of the discipline as well as its
interdisciplinary role.

In Figure 3A it is shown the growth rate of journal articles
grouped by subject areas WoS declared subject areas. It can
be appreciated an steady increase of production, mainly in
the most productive categories such as “Material Science”,
“Engineering”, ”Cell Biology” and “Biotechnology & Applied
Microbiology”. Furthermore, WoS subject categories can
be clustered in 3 thematic areas (Technology, Physical sci-
ences and Life Sciences & Biomedicine) and obtained results
showed that almost all studied years, scientific article produc-
tion derives from Technology area (Figure 3B). When all the
documents in the corpus are assessed, 55.10% of documents
are located in Technology area, followed by 27.26% docu-
ments in Life Sciences & Biomedicine and 17.64% derived
from Physical Sciences. Contribution of physical sciences to
TE shows an increasing trend, especially from 2000 to 2016
while Life Sciences & Biomedicine input is slightly increas-
ing. Role of Technology research areas remains constant and
higher than 50% during last decade. When the total count of
cites was analyzed (Figure 3C), the distribution pattern among
thematic areas was very similar to document analysis with
Technology as the dominant area of knowledge.

2.3 Source title

A total of 2070 journals have reported at least one of the
31,859 scientific articles. However, up to 1380 journals
(66.67%) have published less than 5 documents, being consid-
ered as minority sources and, thus, disposable. These results
are in accordance with Bradford’s law of scattering which
postulates that most of documents reported in an specific area
located in a minority of sources. Table 1 presents the 20 most
productive journals (source titles are abbreviated) globally and

by time ranges. Bold-typed in table 1 represents core journals
at each range as determined by Bradford nuclei that cluster
25% of all documents. A total of 8 journals compose the core
journals in TE, being Biomaterials, Journal of Biomedical
Materials Research Part A and Tissue Engineering Part A the
source of 15% of the corpus.

Results attending to 2009-2016 range are very similar to
global results because of the exponential increase of scientific
production that gathers 73.48% of articles in the last 7 years.
1991-1999 and 2000-2008 series show more reduced Bradford
nuclei with only 3 core journals reporting 25% of documents.
Biomaterials, as the most productive journal in all time series,
reported more percentage of documents at the earlier stages
of TE development, from 10.79% documents in 1991-1999,
to 5.75% documents in 2009-2016. Similar results were ob-
tained for Journal of Biomedical Materials Research whose
production decreased from 10.02% in 1991-1999 to 5.33% in
2009-2016 (adding parts A and B). These results may not only
imply the raise of documents per year, but also the emergence
of a huge number of new journals, mainly during recent years.

2.4 Country distribution

An assessment of countries where manuscripts were gener-
ated revealed USA as the most important country in term
of TE scientific production participating in 8782 documents
(27.75%). Next origin country in production is China with
4836 documents (15.28%), followed by Germany (5.95 %),
Japan (5.77%) and South Korea (5.13%). It is remarkable the
increase trend of TE in Asiatic countries as China, producing
from 0.19% of documents in 1991-1999 to 17.84% in 2009-
2016; and South Korea, from 1.93% in 1991-1999 to 5.47%
in 2009-2016. Table 2 summarizes a list of the 20 countries
with the higher amount of journal articles and percentages.
Global diversity is not only evident after studying source title
but also country distribution as the number of countries with
more than 10 documents was 4 (14.81%) in 1991-1999; 32
(60.38%) in 2000-2008 and 53 (63.86%) in 2009-2016 (data
not shown).

2.5 Institutions and research centers

Harvard University (3.00%), University of California System
(2.60) and Massachusetts Institute of Technology (1.81%),
all of them sited in USA, appeared as the institutions gener-
ating the greater number of articles based on TE. Together
with Chinese Academy of Sciences (1.78%) and University of
London (1.72%) constitute the top five centers on TE research
and produce more than 10% of global production. During
the early stage of TE (1991-1999) there was a majority of
American institutions that established the foundation of TE,
in coexistence with some German and Japanese universities.
From 2000 to nowadays, it can be observed a quick arise
of Asiatic institutions as the Chinese Academy of Sciences,
Shanghai Jiao Tong University or the National University of
Singapore, being these among the 10 most productive institu-
tions and mainly responsible of the development of TE as a
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Table 1. Analysis of documents referred to TE by source title
from 1991 to 2016. Bradford nuclei that cluster 25% of all
documents are represented in bold type, showing
Biomaterials, Journal of Biomedical Materials Research Part
A and Tissue Engineering Part A as the three most productive
journals. J: Journal name; C: Document count; %: Percentage
of documents.

research area A summary of the more relevant filiation centers
producing TE articles is shown in Table 3.

2.6 Authorship of documents

67,231 researchers have been detected as authors in any TE
scientific article. Nonetheless, the vast majority of these partic-
ipations are singular as there are 41,081 authors with a single
participation. Even more, 0.3% of authors are involved in
50% of TE articles, which is a clear example Lotka’s law
of scientific productivity in which the number of authors
and the number of contributions closely follows the function
y = 87120/x>* (R* = 0.981), meaning an inversely propor-
tional exponential relation between authors and contributions.
In fact, 20 first most productive authors, detailed in Table 4,
have participated of up to 10% of total articles from 1991 to
2016. Rui L. Reis, Dave L. Kaplan and Antonios G. Mikos
are the most relevant authors when taking into account the
whole corpus. During the first stages of TE development,
Robert Langer was the most remarkable researcher with 8.09%
authorship of all the publications during 1991-1999. From
2000 and beyond, TE exponentially increase and Antonios
G. Mikos (1.13% of documents between 2000 and 2008) and
Rui L. Reis (1.07% of documents between 2009 and 2016)
appeared as the most productive researchers.

2.7 Citation analysis

Total citation count was obtained from WoS as an index of the
global impact of TE articles. In this sense the average citation
of all articles resulted in 27.26 citing articles per document,
and the Hirsch-index was up to 266. Due to the huge amount
of articles reported last years (73.48% of documents have
been published during last 7 years), there are yet 35.00% of
documents with less than 5 cites. With respect to the most
relevant reports, 5.39% documents accumulate more than 100
cites, 0.24% of total documents achieved more than 500 cites.
Finally, the corpus of keystone papers, considered as articles
with more than 1000 cites, is formed by 16 documents. The
most relevant article for TE gathers 5631 cites (LangerVacanti
1993), which means that 17.24% as maximum of TE articles
have cited it (assuming that only TE articles have cited it). A
selection of the 10 top-cited TE articles is detailed in Table 5.

3. Discussion

TE appeared for first time in 1988 as an alternative clinical
approach when transplantation of living tissues has failed or
would fail [3]. Few years later, Langer and Vacanti defined
TE as a new scientific discipline with the main objective of
develop artificial bioengineered living tissues in order to re-
generate damaged or lost tissues [2]. Nowadays, this original
goal has become a revolution in clinical practice and for the
first time the treatment of some diseases and injuries is based
on TE applications included in what it is known as advanced
therapies. In this sense, oral mucosa, skin, bone, cartilage or
blood vessels [31] are examples of artificial tissues generated
by TE.
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Figure 2. Cumulative journal article production by year. Analysis adjust to exponential, potential and polynomic model
respectively shows the most accurate correlation coefficient for polynomic equation (R> > 0.999)
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documents (C) distributed by WoS categories of knowledge.

In response to this clinical promising approach, TE as a
research area has globally spread leading to a significant in-
crease in scientific production. To perform this study we ana-
lyzed the corpus of literature and not only a sample based on a
journal, a region or a period of time. A limitation of our study
is that an important fraction of literature could be ignored
taking into account that terms like “regenerative medicine”,
“tissue engineering” or ‘“cell therapy” are sometimes used
interchangeably [32]. However, it is acceptable, especially
for regenerative medicine and tissue engineering, not to con-
sider them as synonymous, with the former emphasizing the
cellular regenerative aspect of tissue replacement and the lat-
ter emphasizing the engineering and manufacturing aspect of
tissue replacement [33] . In this article, we have especially
selected the terms “tissue engineer*” OR “tissue-engineer®”’
to perform our research trying to emphasize this last aspect
as previously indicated. Our interest was to retrieve all the
production that researchers themselves considered as tissue
engineering. An early report about global TE trends was
carried out between 1987 and 1999 analyzing 314 available
documents [17]. Nowadays, the huge increase of TE scientific
production and digitalization of information during the last

two decades make possible not only the evaluation of a rele-
vant number of documents but also to consider how TE has
evolved through the years. In this sense, bibliometric meth-
ods could contribute to the identification of active focuses of
research over time and also to the definition of the growth pat-
tern and the historical framework of the discipline. Moreover,
bibliometric data have been widely employed to compare the
research output of different institutions [34], design of public
funding [35] and collaborations [36].

In our study, a total of 41,588 documents were retrieved
from IST Web of Science after performing the search strategy
described previously, corresponding to 26 years of global
production that form the corpus of literature at TE. Although
the distribution of publications by basic research, translational
research and clinical application appears to be an important
to understand the structure of TE corpus of literature [37], the
aim of this study was to assess the global scenario where TE
research occur rather than to evaluate the status of an specific
research (basic, translational or clinical) for each document.

Several methods have been used to differentiate among the
types of research carried out in the documents [37,38]. Both
the procedure suggested by Narin associating journals with
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Table 2. Analysis of documents referred to TE by country
from 1991 to 2016. The research reveals USA, China and
Germany as the most important countries in term of TE
scientific production during the period studied. C: Document
count; %: Percentage of documents.

type of research [38] and the procedure postulated by Lewison
and Paraje using keyword analysis [37] are in discussion and
new reliable methods are needed at this purpose [39].

As it can be shown in Figure 1, journal article is the domi-
nant type of document as it appears up to 31,859 documents
(76.61% of the corpus), followed by 5,004 reviews (12.03%
of the corpus), 2,859 meeting abstracts (6.87%) and 1,866
proceeding papers (4.48%).

In this sense, cumulative journal article production by
year, as seen in Figure 2, adjusts to exponential and potential
model with R? = 0.945 and 0.9643 respectively. Further-
more, third-degree polynomic model showed to be the most
accurate model (R? > 0.999) for predictions on future produc-
tion. Using the polynomic function y = 2.743x°-24.195x> +
19.946x + 144.1 it can be predicted that literature will double
by 2023. The publication of TE articles in journals through
the time showed an increase in number as has been previously
described in other disciplines [13, 15,40]. This pattern of
growth can be adjusted to an exponential model with a cor-
relation coefficient near to 95%, as Price’ exponential law
postulates [41]. Besides, near 2027 the amount of article
journals related to TE will be three-fold current number.

However during last years (from 2011 to nowadays) the
number of documents did not reach the values than could
be expected following this model. A better adjustment is
achieved when we use a third degree polynomic model with
a correlation coefficient higher than 99.9%. Following this
polynomic model it can be predicted that the total amount
of TE articles obtaining from the origin of the discipline to
nowadays will be doubled just in the next seven years. By far,
global production will be three fold current number in 2027.

This pattern of growth resembles a Gompertz function
which is a sigmoideal model used to predict the development
of a discipline [42]. According to this in the evolution of a
subject it can be described three stages. Firstly, an early stage
composed by the precursors and the seminal articles followed
by a second stage in which the growth of articles closely
adjust to an exponential pattern constituting the forefront of
research. Finally, during the last stage the publication rate
slowly decrease becoming lineal and the main objective is not
the maintenance of the forefront of research but the archive of
obtained knowledge and consolidation of the discipline.

Our results suggest that the evolution of TE might be on
a transition between the forefront and consolidation stages
as it has followed an exponential model until 2011. From
2011 to the present the growth rate is under the exponential
model. This finding, together with the fact that the main
document type in recent years, apart from journal articles,
was the review also suggests that TE is not an emerging area
but a consolidating discipline.
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Publication of journal articles has also been increasing
from the beginning and especially during last years. Review
production shows similar increasing trend. Other documents
type are less remarkable as meeting abstract that maintained
annual amount of publication during last decade. Proceed-
ing papers also show a slight decreasing trend from 2008 to
nowadays.

Publication of journal articles has also been increasing
from the beginning and especially during last years. Review
production shows similar increasing trend. Other documents
type are less remarkable as meeting abstract that maintained
annual amount of publication during last decade. Proceed-
ing papers also show a slight decreasing trend from 2008 to
nowadays.

Bibliometric methods have also been used for providing
information about the contribution of diverse disciplines to
global production in a scientific area [8]. These methods
would allow us not only the assessment of global trends and
evolutive patterns but also the discovery of up-and-coming
fields [9] which is key for the promotion of translational re-
search and development.

Originally, TE was defined as an interdisciplinary field
that applies the principles of engineering and the life sciences
towards the development of biological substitutes in order
to restore, maintain or even improve tissue function [2]. In
fact, either Technology, Physical Sciences or Life Sciences
and Biomedicine categories, which are the three scientific
branches used by WoS, have contributed to TE evolution
revealing the multidisciplinary role previously mentioned.

Distribution of the corpus of literature in research areas
resulted more heterogeneous as recent years were assessed
(data not shown). At the beginning of the series, in 1991,
all documents were distributed among 5 research areas. In
2016, published articles could be found among 151 research
areas, which emphasize the growth of the discipline as well
as its interdisciplinary role. Moreover, Figure 3 shows the
growth rate of journal articles and the citation counts of the
publications grouped by subject areas WoS declared subject
areas. It can be appreciated an steady increase of production,
mainly in the most productive categories such as “Material
Science”, “Engineering”, “Cell Biology” and “Biotechnology
& Applied Microbiology”.

Furthermore, WoS subject categories can be clustered in
3 thematic areas (Technology, Physical sciences and Life
Sciences & Biomedicine) and obtained results showed that
almost all studied years, scientific article production derives
from Technology area. When all the documents in the corpus
are assessed, 55.10% of documents are located in Technol-
ogy area, followed by 27.26% documents in Life Sciences
& Biomedicine and 17.64% derived from Physical Sciences.
Contribution of physical sciences to TE shows an increasing
trend, especially from 2000 to 2016 while Life Sciences &
Biomedicine input is slightly decreasing. Role of Technology
research areas remains constant and higher than 50% during
last decade. It is important to point out that scaffold and extra-
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Table 4. Analysis of documents referred to TE by authorship
from 1991 to 2016. An inversely proportional exponential
relation between authors and contributions (Lotka’s law of
scientific productivity) reveals Rui L. Reis, Dave L. Kaplan
and Antonios G. Mikos as the most productive authors. A:
Author name; C: Document count; %: Percentage of
documents.
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Title
Electrospun nanofibrous structure: A novel scaffold for tissue engineering.
Whnt proteins are lipid-modified and can act as stem cell growth factors.

Mesenchymal stem cells for treatment of steroid-resistant, severe,
Electrospinning of collagen nanofibers.

Scaffolds in tissue engineering bone and cartilage.
acute graft-versus-host disease: a phase II study.

A biodegradable nanofiber scaffold by electrospinning
and its potential for bone tissue engineering.

Silk-based biomaterials.
Porous scaffold design for tissue engineering.

Multilineage cells from human adipose tissue:

Implications for cell-based therapies.

Tissue engineering.

Table 5. Top-cited documents referred to TE by citation
count from 1991 to 2016. Seminal article by R. Langer and
J.P. Vacanti received 5631 cites being the most relevant
document in terms of citation count during the period studied.

cellular matrices are among the three most productive areas
of TE as indicated in previous bibliometric studies [17]. The
slightly decrease of the document percentage belonging to life
sciences and biomedicine, including health and clinical ap-
plications could be related to the increase of regulatory rules
implemented for clinical application of TE products. This
suggests an important focus of research for the future. Fur-
thermore, we consider that the analysis of keywords of each
retrieved document could provide more valuable results about
the future on the directions of research fields. In this sense, we
are developing some new methodologies to perform science
mapping analysis (SMA) on keywords in further research.

Our results suggest that multidisciplinarity of TE is not
a static character but a dynamic process in which several
categories participate in a global effort to generate more
biomimetic tissues to be applied as therapeutical substitutes
in clinical medicine. It is important to point out that native
tissues, as known by classical histology, are the models that
should be taken into account for the generation of artificial
tissues. In this sense, various TE clinical applications can be
pointed out. For example, those related with TE and Hematol-
ogy, TE and Cardiology and TE and Neurology.

The previously demonstrated contribution of physical sci-
ences to TE implies that the systematic study of the physical
properties of biomaterials demands a crescent attention by
tissue engineers. In fact, Gurkan and Akkus studied the me-
chanical environment of bone marrow and they showed that
the changes in mechanical and compositional microenviron-
ment of bone marrow may affect the fate of resident stem cells
in vivo which, in turn, may alter the homeostasis of bone in
various common bone diseases [43]. The connection between
TE and Cardiology is oriented to the development of tissue
constructs capable to restore or improve cardiac function after
myocardial infarction. Concerning this, Galvez-Monton et al.
have designed a neoinnervation and neovascularization pro-
cess for TE scaffolds in myocardial infarcts [44]. Moreover,
peripheral nerve injury continues to be an important difficulty
for a wide range of patients with conditions such as diabetes,
Guillain-Barré syndrome or iatrogenic causes. Associated
with this, TE peripheral nervous emerged as a promising ther-
apeutic tool. Thus, bioengineered nerve development and the
evaluation of growing factors that enhance differentiation of
stem cells through a neural lineage have been topics of intense
research during TE evolution [45,46].

Technology category is the most relevant as it is involved
in more than 50% of global production since 1996 to nowa-
days. The main research areas in Technology are Materials
Sciences and Engineering due to the central role that plays the
development of an optimal scaffold which allows the growth
and functionality of cells and its biocompatibility. The design
of an appropriate scaffold is a key issue in the generation
of a bioengineered tissue because it should replace the his-
tological structure of the native stroma. Life Sciences and
Biomedicine, represented by Cell Biology, Biotechnology
and Applied Microbiology and Biochemistry and Molecular
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Biology, appeared as a second cluster of knowledge. In this
case, that fact could be explained by the relevance of cells and
growing factors as pillars of the TE, together with the scaffold.
In addition, the main journals regarding Histology and Tissue
Biology are included in this category. However, the relative
weight of Life Sciences and Biomedicine tend to decrease
in the recent years, as well as Physical Sciences emerge as a
complement not only for the scaffold development but also
for the improvement of the whole artificial tissues. Research
in physical properties, as biomechanics, optics, etc, on artifi-
cial tissues has strongly increased in recent years in order to
provide with the more biomimetic characteristics to the new
tissues.

Distribution of source titles correlated with the Bradford’s
law of scattering as a small group of journals reported the
majority of the available documents. Bradford’s nuclei can be
defined as the group of journals that publish a 25% or a 50%
of the global production. In this sense, a total of 8 journals
encompass a 25% of TE-related documents representing the
core journals of the discipline. According to the Bradford’s
law of scattering there are a vast majority of journals reporting
less than 5 documents.

The previous study published by Dai et al. analyzed all
available literature up to 2008, and found that all selected
documents corresponded to 140 journals [17]. Here, a total
of 2070 journals have reported at least one of the 31,859
scientific articles. However, up to 1380 journals (66.67%)
have published less than 5 documents, being considered as
minority sources and, thus, disposable. The results are in
accordance with Bradford’s law of scattering which postulates
that most of documents reported in a specific area located in a
minority of sources. Table 1 presents the 20 most productive
journals (source titles are abbreviated) globally and by time
ranges. Bold-typed in table 1 represents core journals at each
range as determined by Bradford nuclei that cluster 25% of all
documents. A total of 8 journals compose the core journals
in TE, being Biomaterials, Journal of Biomedical Materials
Research Part A and Tissue Engineering Part A the source of
15% of the corpus.

Results attending to 2009-2016 range are very similar to
global results because of the exponential increase of scientific
production that gathers 73.48% of articles in the last 7 years.
1991-1999 and 2000-2008 series show more reduced Bradford
nuclei with only 3 core journals reporting 25% of documents.
Biomaterials, as the most productive journal in all time series,
reported more percentage of documents at the earlier stages
of TE development, from 10.79% documents in 1991-1999,
to 5.75% documents in 2009-2016. Similar results were ob-
tained for Journal of Biomedical Materials Research whose
production decreased from 10.02% in 1991-1999 to 5.33% in
2009-2016 (adding parts A and B). These results may not only
imply the raise of documents per year, but also the emergence
of a huge number of new journals, mainly during recent years.

According to country distribution involved in TE produc-
tion our results showed that USA with institutions as Harvard

University and University of California System and China
with the Chinese Academy of Sciences and the Shangai Jiao
Tong University were the most productive centers. Further-
more, an assessment of countries where manuscripts were
generated revealed USA as the most important country in
term of TE scientific production participating in 8782 docu-
ments (27.75%). Next origin country in production is China
with 4836 documents (15.28%), followed by Germany (5.95
%), Japan (5.77%) and South Korea (5.13%). It is remark-
able the increase trend of TE in Asiatic countries as China,
producing from 0.19% of documents in 1991-1999 to 17.84%
in 2009-2016; and South Korea, from 1.93% in 1991-1999
to 5.47% in 2009-2016. Table 2 summarizes a list of the 20
countries with the higher amount of journal articles and per-
centages. Global diversity is not only evident after studying
source title but also country distribution as the number of
countries with more than 10 documents was 4 (14.81%) in
1991-1999; 32 (60.38%) in 2000-2008 and 53 (63.86%) in
2009-2016 (data not shown). Harvard University (3.00%),
University of California System (2.60%) and Massachusetts
Institute of Technology (1.81%), all of them sited in USA,
appeared as the institutions generating the greater number of
articles based on TE. Together with Chinese Academy of Sci-
ences (1.78%) and University of London (1.72%) constitute
the top five centers on TE research and produce more than
10% of global production.

During the early stage of TE (1991-1999) there was a
majority of American institutions that established the founda-
tion of TE, in coexistence with some German and Japanese
universities. From 2000 to nowadays, it can be observed a
quick arise of Asiatic institutions as the Chinese Academy
of Sciences, Shanghai Jiao Tong University or the National
University of Singapore, being these among the 10 most pro-
ductive institutions and mainly responsible of the development
of TE as a research area. The appearance of asiatic countries
is remarkable specially from 2000 to nowadays. These re-
sults suggest a correlation between the national investment on
research and the document amount per country [47]. This cor-
relation was not surprising from mainstream countries since
this pattern has been reported in other scientific fields [13]. A
summary of the more relevant filiation centers producing TE
articles is shown in Table 3.

Similarly to research areas evaluation, an analysis of au-
thorship showed a huge imbalance in the relevance of authors
participating in TE. As Alfred J. Lotka postulated, the number
of authors involved in x contributions follows an inverse-
square law. In this study, an inversely proportional exponen-
tial relation was found between authors and contributions in
which the number of authors decrease directly proportional to
1/x%.4 being x the number of documents. Particularly, 67,231
researchers have been detected as authors in any TE scientific
article. Nonetheless, the vast majority of these participations
are singular as there are 41,081 authors with a single partici-
pation. Even more, 0.3% of authors are involved in 50% of
TE articles, which is a clear example Lotka’s law of scientific
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productivity in which the number of authors and the number
of contributions closely follows the function y = 87120/x>.4
(R?> = 0.981), meaning an inversely proportional exponential
relation between authors and contributions.

In fact, twenty first most productive authors, detailed in
Table 4, have participated of up to 10% of total articles from
1991 to 2016. Rui L. Reis, Dave L. Kaplan and Antonios G.
Mikos are the most relevant authors when taking into account
the whole corpus. During the first stages of TE development,
Robert Langer was the most remarkable researcher with 8.09%
authorship of all the publications during 1991-1999. From
2000 and beyond, TE exponentially increase and Antonios
G. Mikos (1.13% of documents between 2000 and 2008) and
Rui L. Reis (1.07% of documents between 2009 and 2016)
appeared as the most productive researchers.

According to citation analysis it revealed an average cita-
tion of all articles in 27.26 citing articles per document, and
the Hirsch-index was up to 266. Due to the huge amount of
articles reported last years (73.48% of documents have been
published during last 7 years), there are yet 35.00% of docu-
ments with less than 5 cites. This could be explained because
of exponential growth of TE as 73.48% of total documents
have been published during the last seven years. With respect
to the most relevant reports, 5.39% documents accumulate
more than 100 cites, 0.24% of total documents achieved more
than 500 cites. Finally, the corpus of keystone papers, consid-
ered as articles with more than 1000 cites, is formed by 16
documents.

The most relevant article for TE gathers 5631 cites [2],
which means that 17.24% as maximum of TE articles have
cited it (assuming that only TE articles have cited it). A
selection of the 10 top-cited TE articles is detailed in Table
5. In this sense, the most cited documents are considered
landmarks as they supposed turning points in the evolution of
TE. Multilineage differentiation of mesenchymal stem cells or
electrospinning as a novel method for biomaterial orientation
are considered milestones in the development of TE and thus
original publications about these topics are among the ten top-
cited documents. The most cited paper of TE is the seminal
document of discipline published by Langer and Vacanti in
1993. In this article, it is defined the foundations of this
discipline and future applications of therapy. It is considered
the most relevant document of TE as almost one of each five
documents cited it.

A remarkable change related to TE country production was
shown here in comparison with the previous work by Dai et
al. In this early study, it was concluded that TE literature
mainly come from United States, England, Netherlands and
Germany [17]. We have demonstrated here that the appear-
ance of Asiatic countries is significant from 2000, being China
the second most productive country. Finally, a common idea
in medical literature that TE is still an emerging discipline
should be forgotten. According to Gompertz model to predict
the development of a discipline, TE is not an emerging area
but a consolidating discipline [42].

In summary, bibliometric analysis is a valid tool for the
study of the global trends and temporal evolution of a disci-
pline like TE. In this milieu, this study represents a global
analysis of the corpus of literature available nowadays. Re-
sults obtained related to research areas showed a high and
increasing multidisciplinary role of TE as all the science and
technology categories of knowledge converge their research
efforts leading to the development of new applications for
daily clinical practice. As reported in other scientific fields a
great imbalance is patent as few authors, journals and coun-
tries are responsible of the majority of TE documents. Further
analysis focused on the terminological evolution and identifi-
cation of the most relevant concepts could provide an useful
tool not only for the design of teaching strategies but also for
promoting future avenues in tissue engineering research.
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