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Background: The determinants of adult congenital heart disease (ACHD) research output are only partially under-
stood. The heterogeneity of ACHD naturally calls for collaborative work; however, limited information exists on
the impact of collaboration on academic performance. We aimed to examine the global topology of ACHD
research, distribution of research collaboration and its association with cumulative research output.

Methods and results: Based on publications presenting original research between 2005 and 2011, a network anal-
ysis was performed quantifying centrality measures and key players in the field of ACHD. In addition, network
maps were produced to illustrate the global distribution and interconnected nature of ACHD research. The pro-
portion of collaborative research was 35.6 % overall, with a wide variation between countries (7.1 to 62.8%). The
degree of research collaboration, as well as measures of network centrality (betweenness and degree centrality),
were statistically associated with cumulative research output independently of national wealth and available
workforce. The global ACHD research network was found to be scale-free with a small number of central hubs
and a relatively large number of peripheral nodes. In addition, we could identify potentially influential hubs
based on cluster analysis and measures of centrality/key player analysis.

Conclusions: Using network analysis methods the current study illustrates the complex and global structures of
ACHD research. It suggests that collaboration between research institutions is associated with higher academic
output. As a consequence national and international collaboration in ACHD research should be encouraged and
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the creation of an adequate supporting infrastructure should be further promoted.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Over recent decades Adult Congenital Heart Disease (ACHD) has
emerged as an important sub-speciality in cardiology. This is due to a
steady increase in numbers and complexity of patients with congenital
heart lesions reaching adulthood which comes with evolving cardiac
and non-cardiac health care needs [1-3]. These patients are by and
large not cured and most require specialized life-long follow-up [4].
The rising importance of the ACHD field is reflected not only by the in-
creasing number of tertiary centers in Europe, North America and the
rest of the world [5,6], but also by the establishment and endorsement
of ACHD training curricula by national and international cardiology
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societies [ 7]. Furthermore, this relatively young branch of cardiology re-
quires constant research efforts to keep pace with the aging and evolv-
ing patient population, to improve our knowledge and ultimately to
enable ACHD patients to achieve their full life potential. Recently, we re-
ported data on contemporary ACHD research and provided an overview
of global centers and their ACHD research activity [8]. While providing a
first insight into the field, this former analysis was not designed to in-
vestigate the contribution of collaborative research in ACHD. This was
mainly due to the nature of data employed. We, herewith, expand on
our previous work and investigate the status and importance of collab-
oration in ACHD research. Our underlying hypothesis is that voluntary
collaboration between institutions leads to synergistic effects, improves
efficiency and ultimately is reflected by higher academic output of those
centers involved. To test this hypothesis we use a richer dataset (includ-
ing the affiliation of all authors) and methods of social network analysis.
Specifically, we describe the degree and global distribution of research
collaboration and explore the association between collaborative re-
search or interaction between actors and cumulative research output
over our study period.
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2. Methods
2.1. Data sources

The strategy for identifying relevant ACHD publications has been
previously described [8]. Briefly, the PubMed database was searched
for keywords based on MeSH phrases relevant to congenital heart
defects and for terms identified by the authors from contemporary
ACHD guidelines. The identified articles were first filtered automatically
and subsequently manually to ensure that only original ACHD papers
published in English between 2005 and 2011 were included. Papers
including only children were excluded, as were those publications
describing only laboratory based methods or animal research without
transfer to human subjects. Based on the identified list of papers a
Scopus Database query (http://www.scopus.com/) was performed to
obtain the affiliations of all authors involved. We studied research at
the macro- and micro-levels; therefore publications were not linked to
individual institutions but rather assigned to city and country of origin.
To gain some insight into the output and interconnection of different in-
stitutions, we investigated research output of individual authors and
linked this to relevant geographic locations and affiliated institutions.

Impact factor (IF) data was assigned to each publication as described
previously. Additional data on the population, the gross domestic prod-
uct (GDP) and the number of practicing physicians were obtained from
Word Bank (http://www.worldbank.org/) for the year 2010.

2.2. German national registry for congenital heart disease publications

Based on data from the German Competence Network and National
Register for Congenital Heart Disease (data on file) we aimed to quantify
the number of institutions involved in collaborative research based on
this infrastructure and to delineate its potential to foster collaborative
work.

2.3. Network analysis

To describe the relationship between publishing institutions and to
illustrate how individual actors (nodes) are embedded in the global re-
search network standard methods of social network analysis were
employed. To this end a directed network was build. Edges (ties) linking
two cities were constructed such that the origin of the link is at the
workplace of the first author with connections directed towards all of
the co-author institutions' places. The ties were weighted by the cumu-
lative IF of the respective link. In addition, a weighted directed network
was also constructed based on authors' names and initials. The relative
importance of a node was quantified using various metrics. One ap-
proach to identify the most central nodes is to study the contribution
of individual actors to the overall coherence of the network. Following
this concept, centrality aims to identify the most influential/important
nodes within a network. Different interpretations of “importance”
exist and various metrics have been proposed to assess centrality.
Commonly utilized implementations are betweenness and the quan-
tification of the so called degrees of a particular node. Betweenness
centrality quantifies the alleged importance of a node by assessing
its location within the network. Specifically, a particular node is con-
sidered important if it helps to connect many other nodes, that is, if it
forms part of the shortest path between a large fraction of the nodes
of the network. Formally this is measured as the proportion of the
shortest paths between all nodes passing through the node of interest
as follows:

- Calculate the shortest path between all pairs of nodes

- Calculate the fraction of shortest paths for all pair of nodes that
include the node of interest

- Add up the fractions of shortest paths passing through the node of
interest.

The logic behind this approach is that a node with a high between-
ness value is responsible for connecting many other actors (at least
cost) and thus could be considered to be influential. Degree centrality,
in contrast, quantifies the number of nodes connected directly to a
node of interest. The rationale is that more connected nodes are poten-
tially more influential compared to less connected ones. This is analogous
to considering people with many connections (friends) to be more
important (or popular) compared to those with fewer connections.
Formally this parameter is measured by adding up the number of direct
links for each node.

As the network utilized in the current study is directed, two different
measures of degree centrality exist: in-degrees refer to the number of
links a node of interest receives, while out-degrees quantify the number
of ties directed towards neighboring nodes. The measurement of
betweenness centrality and the number of degrees was performed
with UCINET Version 6.5.1.6 (UCINET 6 For Windows: Software for So-
cial Network Analysis (2002) by S. P. Borgatti, M. G. Everett, L. C. Free-
man; Analytic Technologies, Lexington, KY, USA). Fig. 1 provides an
intuitive illustration of the concepts underlying betweenness and de-
gree centrality; however, for a formal (mathematical) definition of the
parameters we refer to Ref. [9-11]. Graphical representations of the re-
search network were created using the R and Gephi version 0.8.2.3. To
visualize collaboration in geographic space, maps of co-authorship
were produced by connecting the place of affiliation of the first author
with that of all co-authors. Coordinates were connected by great circles
with the use of R and the geosphere package.

2.4. Key player analysis

Another fundamental approach to identify the most influential
nodes is to selectively disable or manipulate nodes and assess the
impact on the flow of information within the network [12,13]. This ap-
proach is implemented in key player analysis. These analyses essentially
build on the concepts discussed above for between and degree centrality by
using alternative algorithms. The two fundamentally available ap-
proaches proposed in the literature are (i) identifying a small number
of influential nodes with the aim of disturbing the coherence or
fragmenting the network (disruption approach). Alternatively, (ii) one
aims to identify a set of maximally connected nodes and target those
nodes for interventions within the network (influence approach).
Both concepts are implemented in the KeyPlayer software package
(Version 1.45, Analytic Technologies, Boston, USA) and are used here
to supplement the results of conventional methods of social network
analysis.

2.5. Statistical correlation analysis

As most parameters assessed were not normally distributed, the
preferred approach to test for an association between network metrics
and research output was the use of non-parametric Spearman rank
correlation analyses. To correct for the potential influence of con-
founders including national wealth, population and the size of the med-
ical workforce multivariate correlation analyses were performed on
log-transformed variables using robust regression methods. For all anal-
yses a p-value < 0.05 (two-sided) was considered statistically signifi-
cant. R Version 3.0.2 was used for all analyses [14].

3. Results
3.1. Collaborative research — cities as units of analysis

Overall, 2172 publications were included in the analysis; 37.3% of
those were collaborative. Of the collaborative manuscripts, 69.5% in-
volved a national collaborative partner. Over time, a slow increase in
the percentage of collaborative research was seen, with an increase
from 35.6% collaborative publications in 2005 to 41.1% in 2011.
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Concept of degree centrality Concept of betweenness centrality
Outdegrees: node C=8 Node C central as all information from

Indegress: node D = 3 x to y has to flow through C
(i.e. C is the ,bottleneck’).

Fig. 1. Basic overview over the concepts of degree and betweenness centrality based on unweighted binary networks. A) Degree centrality determines the number of nodes directly con-
nected to the node of interest (C in this case). In the case of directed networks (used in this article) a distinction between outgoing and incoming connections has to be made. By counting
the number of outgoing ties, C has the highest out-degree, with 8 connections, while all other nodes have at most 2 outgoing connections. For incoming ties, D has the highest in-degree
with 3 incoming connections. B) Betweenness centrality quantifies the proportion of connections between all combinations of nodes passing through the node of interest [9].

There was a wide variation between countries in the percentage of illustrated in Fig. 2, countries with high levels of collaborative research
collaborative research. The range was from 7.1 % to 62.8% for countries included the Netherlands, Norway and Austria. The percentage of col-
with at least 10 collaborative publications during the study period. As laborative research or national collaborative research was, however,

% of collaboration national collaborations
national % of total research
90.1% - 56.6%

Land Nb. publications % collaborative publications

Netherlands

N =

Greece

Belgium

Switzerland

Taiwan
21 Poland
___2_2____Iran ________
23 Turkey
24 China
25 Spain
26 _Hong Kong
27 Brazil
28 India
29 Portugal
30 Thailand

Fig. 2. Percentage of collaborative publications by country in order of decreasing proportion. Percentage of collaborative publications refers to collaborative publications in % of all publi-
cations, while national collaborative research is limited to the % of research involving a partner from a domestic national city.
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Table 1
Correlation analyses: association between country size or national wealth and proportion
of collaborative research.

a

Dependant variable Independent variable rho p

% collaborative research GDP 2010 (US$) 0.15 0.29
% collaborative research Population 2010 (10°) —0.10 0.48
% national collaborative research GDP 2010 (USS$) 0.11 0.47
% national collaborative research Population 2010 (10°) 0.08 0.59

2 Spearman rank correlations.

not statistically correlated to country size or GDP of the respective coun-
try (Table 1; p > 0.05 for all parameters).

A geographic representation of research collaborations on a global
scale is presented in Fig. 3, while Figs. I and II in the online appendage
section show similar maps for Europe and North America. The maps
illustrate the intercontinental links and allow for the identification of
major hubs in this wold-wide network.

3.2. Network characteristics and topological properties

Descriptive network statistics are provided in Table 2 for the city-
based network. The table shows that publications originating from
542 geographical places with 2118 connections between cities were in-
cluded. For the author based network the number of nodes was 7520
with 10,158 connections between authors. The data in Table 2 also illus-
trates that the current network is sparse with a relatively low average
path length of only 4.4. This suggests that - on average - every node
within the network can be reached with the aid of only approx. 4 inter-
mediary nodes. Together with the low overall density of the graph and
its substantially higher clustering coefficient (1.47) compared to that of
a random Erd6s-Rényi graph [15] of similar size and density (0.026)
this is consistent with a small world network [16,17]. Node linkage
data shown in Fig. Il (online appendix) illustrates that degrees follow
a power law distribution consistent with a scale-free network [18].
This type of network is characterized by a large number of relatively in-
significant nodes and a small number of highly connected nodes (hubs),
dominating the structure [19].

Table 3 shows the results of the centrality measures for the entire
network. It highlights the central position of some well-established
ACHD research institutions (such as Amsterdam, Boston, London and
Toronto) but also illustrates the high degree centrality values calculated

Table 2

Descriptive network statistics for the city-based network. SD = standard deviation.
Network characteristic Value
Size (nodes) 542
Size (edges) 2118
Average path length (4SD) 444+ 1.6
Diameter 10
Average clustering coefficient (weighted) 1.47 (0.80)
Degree (out-degree) 1.31
Degree (in-degree) 047
Density (+SD) 0.024 £ 0.667
Assortativity —0.045
Betweenness centrality (+SD) 469.9 + 1790.7
Betweenness centrality (normalized, 4+-SD) 0.160 + 0.611

for various other cities from the Netherlands. For example 6 Dutch
cities were among the top-10 locations with the highest in-degrees
worldwide.

The results of the key player analysis are presented in Table 4. It sup-
ports the notion of conventional network analysis that a relatively small
number of distinct nodes act as hubs connecting the network.

To investigate the statistical association between proportions of
collaborative research or network centrality and research output corre-
lation analyses were performed using non-parametric and robust linear
(parametric) regression methods. The results of these analyses are pre-
sented in Table 5. A significant association between network centrality
(in-degree, out-degree and betweenness) and cumulative research
output was found, using both non-parametric univariate analysis
and multivariate regression analysis, adjusting for GDP and number
of physicians.

To visualize the interaction between actors in the city- and
author-based research network node-link diagrams were created.
Fig. 4 presents the graph drawing for the city-based network. The
circles represent individual cities, with the area of the respective cir-
cle corresponding to degree centrality (a measure of “importance”),
while the links are weighted by the cumulative impact factor of the
individual connection. Clusters of nodes are color-coded automati-
cally based on modularity class (a community detection algorithm
implemented in Gephi) [20]. These analyses identified hierarchical
structures and clusters of closely connected cities. Fig. 5 is based on
the individual author data. It allows the identification of individual

Fig. 3. Geographical representation of research links. Each line connects the place of affiliation of the first author to all co-authors. Connections are drawn as great circles (i.e. the shortest

path between two sets of coordinates on the surface of the globe).
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Table 3
Network statistics.

Table 5
Correlation analyses.

Rank City, country Out-degrees
1 Amsterdam, Netherlands 720.8
2 London, UK 426.3
3 Toronto, Canada 284.8
4 Boston, USA 2334
5 Rotterdam, Netherlands 2194
6 Montreal, Canada 214.8
7 Dijon, France 197.5
8 Groningen, Netherlands 191.8
9 Seattle, USA 187.0
10 Clamart, France 175.7
Rank City, country In-degrees
1 London, UK 267.0
2 Utrecht, Netherlands 261.5
3 Boston, USA 219.3
4 Leiden, Netherlands 193.6
5 Groningen, Netherlands 182.6
6 Amsterdam, Netherlands 172.8
7 Nijmegen, Netherlands 169.0
8 Philadelphia, USA 167.9
9 Rotterdam, Netherlands 1338
10 New York, USA 117.1
Rank City, country Betweenness®
1 London, UK 9.77
2 Boston, USA 438
3 Toronto, Canada 4.27
4 New York, USA 3.46
5 Dallas, USA 2.39
6 Chiba, Japan 2.34
7 Hong Kong, China 234
8 Baltimore, USA 2.29
9 Milan, Italy 2.19
10 Portland, USA 2.14

The top 10 lists of cities based on degree and betweenness centrality (sorted in order
of decreasing formal network analysis importance) are provided. Cities from the
Netherlands are highlighted in italics as these are overrepresented in this analysis. For
details on the measures used see the Methods section.

¢ Betweenness measures are normalized.

centers based on affiliated authors and illustrates the relatively large
number of peripheral only loosely connected nodes.

Based on data from publications emerging from the German
National Register for Congenital Heart Defects between 2004 and 2014
we assessed the number of collaborating institutions. Overall 91
publications emerged from the Register, with a median number of 13
institutions (interquartile range 6 to 22). Only 12 publications had
fewer than 3 collaborating centers, while 52 (57.1%) had more than 10
involved institutions.

Table 4

A) Association between proportion of collaborative research and cumulative
research output® adjusted for country size.

Dependant variable Independent variable rho® p°
Cumulative impact % collaborative research 0.32 0.02
factor/population (10°) % national collaborative 0.27 0.07
research
In-degree centrality 0.74 <0.001
Out-degree centrality 0.73  <0.001
Betweenness centrality 0.73  <0.001

B) Association between network centrality and cumulative research output.©
Multivariate linear regression analysis

Dependant variable Independent variables r p?
Cumulative impact factor In-degree centrality 1.308 <0.001
Betweenness centrality 0.140 0.007
Number of physicians 0294 0.10
GDP 2010 (US$) 0.341 024
Cumulative impact In-degree centrality 1.525 <0.001
factor/population (10°) Betweenness centrality 0.234 <0.001
Number of physicians —0.457 0.036
GDP 2010 (US$) 0.011 097

2011
>~ impact factor.
2005

o

o

Spearman rank correlations.

2011

> impact factor; non-normally distributed, log transformed variable.
2005

a

o

Linear regression with heteroskedasticity corrected standard errors.

4. Discussion

The current study illustrates the complex network structure under-
lying research in ACHD and highlights how different cities, authors
and institutions are embedded in this interconnected dynamic global
network. The main findings of our study are that national and interna-
tional research collaboration is common but unevenly distributed
between places and nations. While most publications are based on
collaborative research efforts in countries such as the Netherlands or
Scandinavia, this is clearly not the case for other nations with an
established ACHD research track record. In addition, while some coun-
tries have a large proportion of collaboration both nationally and inter-
nationally, others are characterized by predominantly international
collaboration. This is especially the case for the UK, where we found
that only approx. 14% of all publications originated from more than
one city in the country. One can only speculate about the reason for
this finding, but it may relate to the prevailing hierarchically organized
health care system and an old system of independent practice that may
not foster a collaborative approach to research. In addition, recent

Results of the key player analysis with the top-10 cities presented for each metric of node importance. For details please refer to the Methods section and Ref. [12]. Fragmentation refers to
disrupting the network such that a maximal number of unconnected sub-networks are created. The distance criterion is based on the concept of deleting nodes that maximally increase trans-
mission distances in the network. Cities are ranked by cumulative impact factors over the study period.

Disruption approach

Influence approach

Fragmentation

Distance weighted criterion

Distance weighted criterion

Rank City Rank City Rank City

1 London, UK 1 London, UK 1 London, UK

2 Toronto, Canada 2 Toronto, Canada 2 Milan, Italy

3 Boston, USA 3 Boston, USA 3 Beijing, China

4 New York, USA 4 Amsterdam, Netherlands 4 Zurich, Switzerland
5 Milan, Italy 5 New York, USA 5 Padua, Italy

6 Shanghai, China 6 Milan, Italy 6 Istanbul, Turkey

7 Freiburg, Germany 7 Beijing, China 7 Zabrze, Poland

8 Bethesda, USA 8 Shanghai, China 8 Detroit, USA

9 Padua, Italy 9 Padua, Italy 9 Yokohama, Japan
10 Yokohama, Japan 10 Yokohama, Japan 10 Winnipeg, Canada
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Fig. 4. Network graph (Force Atlas representation) of the city-based data set. The size of the nodes corresponds to the degree centrality of the node, the weight assigned to the ties cor-
responds to the cumulative impact factor of the particular link. Node clusters are colorized automatically based on modularity. The labels and dotted ellipses were added manually to il-

lustrate the nature of some of the visually more prominent nodes.

attempts to reform the congenital heart disease framework, which has
been top-down and fragmented, may have been an obstacle towards
fostering collaboration and for creating voluntary research associations.

Based on a visual inspection of Fig. 2 it would appear that smaller
countries have a higher degree of collaboration, maybe based on per-
sonal acquaintance, a shared training history and the ease of personal
communication. Statistically, however, we could not establish an associ-
ation between country population or national wealth and the propor-
tion of collaborative research. It is therefore likely that unobserved
variables such as organization of clinical or academic structures and
local mentality are — at least - in part responsible for this finding.
Regardless of the underlying reasons, the variation in the proportion
of collaborative research is likely to be important as we could establish
an independent association between the degree of embeddedness in
the global research network and general research output. This finding
is intuitively plausible as increased collaboration should contribute to
improved efficiency, taking advantage of synergistic effects between
centers. The observation that national collaboration is related to re-
search output is also consistent with a previous observation that espe-
cially the Netherlands and Canada are leading in terms of cumulative
research output per national population or wealth [8]. This suggests
that in addition to adequate financial resource and specialized work-
force, the presence of centers of excellence and a tradition of academic
research [21], collaboration is a major determinant of scientific results.
Furthermore, at least theoretically collaborative relationships improve
efficiency based on synergistic effects.

While Fig. 3 highlights that ACHD research is truly global, further
analyses and network visualizations showed that the ACHD research
network exhibits characteristics of small world, scale free networks.

This type of network is characterized by a limited number of prominent
nodes acting as hubs and a large number of only loosely connected more
peripheral nodes [22,19]. Network theorists have related these net-
works to a phenomenon known as “preferential attachment” [19]. Pre-
vious theoretical and modeling work suggests that these types of
networks ensue in the setting of dynamic, growing networks where
new nodes connect preferentially to the most influential incumbent
structures, therefore this structure relates to the evolution of the net-
work [19]. The fact that we identified this type of network in ACHD
research is relevant for two reasons. Firstly, it is consistent with the de-
velopment of the ACHD field over the last few decades, representing an
area of rapid growth, catalyzed by a few eminent figures that attracted,
trained and supported junior colleagues [23-25]. Secondly, this finding
has possible future implications, suggesting that well connected,
centrally located (in the formal network analysis sense) and influential
institutions are likely to expand further and be advantaged in attracting
high quality publications and gifted colleagues in the future. For an in-
depth discussion of elements of network theory in the medical field
see Ref. [26].

Regulatory agencies are increasingly turning their attention to the
ACHD field, aiming to consolidate and regulate services. Beyond the ob-
vious target of improving clinical service quality, augmenting research
output is quoted as a possible benefit of such an approach. The Review
of Adult Congenital Heart Disease Services in England, for example
quotes as one of its aims, to “...[create a] network of specialist centers
collaborating in research and clinical development, encouraging the
sharing of knowledge across the network” [27]. However, research in-
stitutions are embedded in a large and decentralized global network
that has emerged and evolved over the years without centralistic
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Fig. 5. Network graph (Fruchterman-Reingold representation) of the author-based data set. The size of the nodes corresponds to the out-degree centrality of the node, the weight assigned
to the ties corresponds to the cumulative impact factor of the particular link. Node clusters are colorized automatically based on modularity. The labels were added manually to highlight
some of the visually most prominent nodes and to help the reader to associate (automatically assigned) color codes with concrete institutions. It should be emphasized that not all nodes

within a color-area (network cluster) are necessarily from that particular geographic area.

GOSH = Great Ormond Street/Heart Hospital, London; RBH = Royal Brompton Hospital, London.

planning. As a consequence a top-down approach may have potentially
harmful impact on the system in this setting [28,29]. For example, one of
the unintended consequences of centralistic consolidation attempts
could lie in the creation of an environment of distrust and competitive-
ness rather than one of nurturing collaboration. Furthermore, given re-
cent efforts to quantify research output of different institutions based on
isolated local metrics of academic output, the current study illustrates
some of the dangers of this approach. Inspection of Fig. 5 and the results
of the key player analysis show that two of the most prominent nodes
on a global scale (Royal Brompton Hospital, London and Great Ormond
Street/Heart Hospital, London, UK) were recently placed at risk of
being afflicted by a uni-national review process aimed at reforming pe-
diatric cardiology centers in England. The current analysis highlights
that beyond local human capital and capital assets available, the value
of (intangible) social capital accumulated over time must not be
ignored. Unlike the two former forms of capital, social capital may be
difficult to relocate and the effects of restructuring established struc-
tures are difficult to predict and maybe detrimental. On the contrary,
the creation of a central national ACHD research infrastructure for
ACHD by the profession (with a bottom-up approach) has the potential
to improve collaboration and enhance research output. Examples
include the Dutch CONCOR Network and the German Competence

Network for Congenital Heart Disease [30,31]. In fact, analyzing the pub-
lication records we could show that publications emerging from the
latter organization involved a median of 13 institutions. We submit,
herewith, that such structures should be encouraged as they create a
powerful research infrastructure and act as condensation points for en-
hancing joint research efforts and output. Furthermore, collaboration is
essential for a heterogeneous field such as ACHD so both retrospective
and prospective studies are adequately powered.

The current analysis offers insights into the structure of ACHD re-
search beyond identifying major players in the field. Network analysis
illustrates the structure of research collaboration and reveals functional
units [20] that may not coincide with individual institutions. Rather it
may aid to decompose the network into closely connected subunits,
characterized by personal links or shared research interests. It is
hoped that future projects may uncover the distribution of particular re-
search interests/areas to facilitate the creation of a true innovation com-
munity [32], thus involving and harvesting the potential of the large
number of active but currently isolated nodes at the periphery of the
network (see Fig. 5). The results of the current report are in agreement
with those of previous studies in other medical areas, also supporting
the impact of collaboration on academic performance and identification
of key areas for future research [33-35].
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4.1. Limitations

While co-authorship is the most visible and quantifiable measure of
scientific collaboration other forms of cooperation exist that have not
been included in the current analysis. This includes especially active in-
volvement in the national and international cardiology associations,
guideline committees, participation in annual congresses and invited
academic contributions, including Editorials and Letters. For most of
these characteristics, however, we lacked adequate data. In addition,
we chose to focus on original, peer-reviewed publications rather than
invited contributions or review papers.

A well-recognized limitation of bibliometric analyses based on au-
thors' names is the ambiguity related to individuals sharing the same
surname and initials. While no definitive remedy for this problem ex-
ists, all names were checked manually by one of the authors familiar
with the field (G-P.D.) and obvious duplications or alternative spelling
were all rectified.

5. Conclusions

Using network analysis methods the current study illustrates the
complex and global structure of ACHD research. It also suggests that
cooperation between research institutions is associated with higher
academic output and may - in part - explain why some countries
rank higher in the global ranking list of ACHD research than maybe ex-
pected based on country size, national wealth and available medical
workforce. As a consequence national and international collaboration
in ACHD research should be encouraged and the creation of an adequate
supporting infrastructure should be strongly supported.
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