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Objective: To present a novel network-based framework for the study of

collaboration in surgery and demonstrate how this can be used in practice to

help build and nurture collaborations that foster innovation.

Background: Surgical innovation is a social process that originates from

complex interactions among diverse participants. This has led to the emer-

gence of numerous surgical collaboration networks. What is still needed is a

rigorous investigation of these networks and of the relative benefits of various

collaboration structures for research and innovation.

Methods: Network analysis of the real-world innovation network in robotic

surgery. Hierarchical mixed-effect models were estimated to assess associ-

ations between network measures, research impact and innovation, control-

ling for the geographical diversity of collaborators, institutional categories,

and whether collaborators belonged to industry or academia.

Results: The network comprised of 1700 organizations and 6000 links. The

ability to reach many others along few steps in the network (closeness

centrality), forging a geographically diverse international profile (network

entropy), and collaboration with industry were all shown to be positively

associated with research impact and innovation. Closed structures (clustering

coefficient), in which collaborators also collaborate with each other, were found

to have a negative association with innovation (P < 0.05 for all associations).

Conclusions: In the era of global surgery and increasing complexity of surgical

innovation, this study highlights the importance of establishing open networks

spanning geographical boundaries. Network analysis offers a valuable frame-

work for assisting surgeons in their efforts to forge and sustain collaborations

with the highest potential of maximizing innovation and patient care.
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A s a result of recent technological and computational advances
and the exponential rate at which new knowledge is generated,

the ‘‘lone innovator’’ model no longer represents a suitable paradigm
for scientific production.1 In the modern world, innovation is
increasingly the outcome of a collaborative process.2 This is espe-
cially the case for surgical innovation that has been unfolding at a
global scale, within a complex network of international collabora-
tions.3–5

The aim of collaborative efforts is the generation of social
capital. The definition and generative mechanisms of social capital
have long been the subject of debates and controversies within the
social sciences.6,7 Typically, scholars tend to converge on the idea
that social capital refers to the value that individuals, groups, or
organizations can derive from the underlying social relations.8 In the
context of surgical research, social capital can relate to accessing
data, expertise, knowledge, or any other type of resources that
become available through specific collaborative patterns and facili-
tate knowledge creation and innovation.

Surgical innovation networks are complex systems, typi-
cally consisting of hundreds or thousands of organizations dis-
persed across the globe forging various types of relationships with
one another.5 Network science offers a theoretical and methodo-
logical backdrop that has recently been widely used to study
collaboration and innovation in a variety of fields. However, a
network approach to examining surgical innovation has been
largely neglected.9,10

This study applied network analysis to a real-world global
collaboration network in robotic surgery. The aim was to familiarize
surgeons with network analysis and demonstrate how this approach
can be used to devise effective strategies toward the establishment of
partnerships that can enhance research impact, facilitate innovation,

and advance patient care.
METHODS

The Dataset
This study draws on the Web of Science (WOS) platform

(Clarivate Analytics, Philadelphia, PA). All articles on robotic
surgery were extracted through the use of the MeSH terms: ‘‘robot
OR robotic OR robot assisted OR robotic assisted OR robotically
assisted OR robot-assisted OR robotic-assisted OR robotically-
assisted.’’ The Research Area was confined to ‘‘Surgery’’ and the
Document Types to ‘‘Article.’’

The search was performed on January 17, 2017 and produced
3889 publications (peer-reviewed articles) published between
July 1988 and January 2017 (Figure S1, http://links.lww.com/
SLA/B554). These were all used for constructing the coauthorship
network. Articles were generated from 1700 organizations nested
within 62 countries, in turn nested within 6 geographical regions

(Table S1, http://links.lww.com/SLA/B554).
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The Surgical Collaboration Network
The collaboration network was constructed using VOSviewer

(Leiden University, Leiden, The Netherlands), a software developed
specifically for the study of scientific collaboration networks. In the
network, each node represents an organization, and a link between 2
nodes represents collaboration between the corresponding organiza-
tions. As coauthorship has been shown to be a good proxy of
collaboration,11,12 links between nodes were based on coauthorship
of articles. The resulting network is weighed: the value (or weight) of
a collaborative link increases as a function of the intensity of
collaboration (Figure S2, http://links.lww.com/SLA/B554).

Outcome Measures
For each organization, 2 outcome measures were computed: 1)

the research impact; and 2) the innovation index. These measures

were computed as follows:
-

w

-

2

C

Research impact: Research impact was measured as the sum of
normalized citations received by all articles (co-) authored by
scholars affiliated with a given organization in each year. To obtain
normalized citations, the citation count for each publication in a
given year was divided by the average number of citations
obtained by all articles published in the same year. The greater
the sum of normalized citations for a given organization, the
greater the organization’s research impact (ie, normalized citations

are used to measure impact).

- Innovation index: The innovation index represents a recently
validated metric used to evaluate and rank surgical innovation
(Table S2, http://links.lww.com/SLA/B554).13 It captures the
value of the innovative output produced by an organization as a
function of the degree to which it reached an implementation stage
(Figures S3–S4, http://links.lww.com/SLA/B554). Thus, the
greater the innovation index of a given organization, the more
innovative the organization’s surgical research output.

For a detailed description of how each performance metric
was calculated, please see sections S.3.1 and S.3.2 in the Supple-
mentary Material, http://links.lww.com/SLA/B554.

Network Measures
Two established network measures were computed: 1) the

clustering coefficient; and 2) closeness centrality. These measures

ere defined as follows:
Local clustering coefficient: The local clustering coefficient quan-
tifies how closed an organization’s ego-centered network is (ie, the
network including connections between the organization and its
partners as well as connections between these partners) enabling
assessment of the extent to which an organization’s collaborators
also collaborate with each other or, alternatively, the extent to which
an organization spans structural holes separating collaborators. The
higher the local clustering coefficient of an organization, the more
closed the organization’s ego-centered network is. More specifi-
cally, the local clustering coefficient of an organization was defined
as the ratio between the number of actual triangles containing the
organization and its neighbors, and the maximum possible number
of such triangles. A generalized weighted clustering coefficient was
calculated to take into account the weights of links (see Supple-
mentary Material, http://links.lww.com/SLA/B554). To facilitate
interpretation, all values of the generalized weighted clustering
coefficient were standardized.14 Measuring the density of triangles
in an organization’s local network uncovers how open or closed the
network is, and the extent to which the organization acts as the
knowledge broker between otherwise disconnected organizations in

the collaboration network.
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- Closeness centrality: The closeness centrality of an organization
measures how close the organization is to all other organizations in
the collaboration network. The higher an organization’s closeness
centrality, the greater the organization’s access to the knowledge
(or data, or any other resource) provided by other organizations in
the collaboration network, and thus the greater the organization’s
influence on others as a result of its structural position.15 The
generalized weighted version of closeness centrality was used to
account for the weights of links (see Supplementary Material,
http://links.lww.com/SLA/B554).16

For a detailed description of how each network metric was
calculated, please see sections S.3.3 and S.3.4 in the Supplementary
Material, http://links.lww.com/SLA/B554.

Measuring the Geographical Dispersion of
Collaborations

For each organization, the geographical entropy of collabo-
rations was computed to capture the geographical dispersion of the
organization’s collaborators. An organization’s geographical entropy
increases as the organization collaborates with other organizations
located in more countries and devotes an equal amount of collabo-
rative effort towards each of these countries (Figure S5, http://link-
s.lww.com/SLA/B554). For a detailed description of how
geographical entropy was measured, please see section S.3.5 in
the Supplementary Material, http://links.lww.com/SLA/B554.

Measuring Academic–industry Collaborations
All organizations that were publicly registered as companies

and classified as ‘‘corporate’’ entities in the WOS platform (through
the InCites intelligence tool) were identified.17,18 For each organi-
zation, the sum of the organization’s collaborative efforts toward
other industrial (corporate) partners during the study period was
calculated. For a detailed description of how the strength of industrial
collaborations was measured, please see section S.3.6 in the Sup-
plementary Material, http://links.lww.com/SLA/B554.

Control Variables
Many other organizational characteristics may influence scien-

tific performance. This study controlled for the following 2 additional
variables: 1) each organization’s institutional type (eg, academic,
corporate, health, etc. as classified by the InCites intelligence tool
in the WOS platform) and 2) a measure of volume, here referred to as
‘‘number of articles in WOS,’’ given by the number of all articles,
beyond robotic surgery, published by each organization that the InCites
intelligence tool could retrieve in the WOS database (see section S.3.7
in Supplementary Material, http://links.lww.com/SLA/B554). Con-
trolling for research volume enables the association between collabo-
ration network and both citation count and innovation to be
investigated by keeping the number of publications constant.

Statistical Analysis
Maximum-likelihood estimates of 2 hierarchical 3-level ran-

dom-intercept models were computed in which organizations were
nested within countries, in turn nested within geographical regions. A
random-intercept structure was combined with heteroskedastic level-
1 residuals by letting the variances of these residuals be a function of
the organization’s institutional type. All models were estimated using
STATA 15 (StataCorp LP, College Station, TX). The significance
threshold was set at P < 0.05.

RESULTS

Of the 1700 organizations, 1543 were connected through at
least 1 collaboration. The overall network comprised of 6000 col-

laborative links. Figure 1 shows 2 extreme examples of ego-centered
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FIGURE 1. Illustrative examples of the 2 extreme cases of a closed ego-centered network (A) and an open ego-centered network
(B). The closed network is rich in third-party relationships and closed triangles: all nodes connected to ego (yellow node) are also
connected with each other. The open network is rich in brokerage opportunities and open triads: ego (orange node) acts as the
broker between all contacts that would otherwise be unable to reach one another. Ego in the closed network has therefore a
clustering coefficient equal to one, while ego in the open network a clustering coefficient equal to zero.

Annals of Surgery � Volume XX, Number XX, Month 2018 Network Analysis of Surgical Innovation
network, 1 characterized by a closed structure (ccorg ¼ 1) rich in
third-party relationships (Fig. 1A), and the other by an open structure
(ccorg ¼ 0), rich in brokerage opportunities (Fig. 1B).

The collaboration network among organizations is shown in
Figure 2. While the highest-performing organizations (eg, University
of Pittsburgh and Yonsei University) achieved the largest research
impact (node size) and innovation value (node color), Figure 2A
suggests that the correlation between the 2 performance measures is
far from perfect. Successful organizations (Fig. 2C) appear to be
better connected than less successful ones (Fig. 2B), which are more
sparsely connected.

Table 1 shows the maximum-likelihood estimates of the
coefficients and standard errors of the 2 hierarchical random-intercept
models of research impact and innovation. The first 2 estimated
parameters in both models suggest that both citations and innovation
value at the organizational level were statistically significantly associ-
ated with the organization’s position in the collaboration network. The
local clustering coefficient at the organizational level was negatively
associated with both performance measures, although only the associ-
ation between clustering and innovation reached statistical signifi-
cance. Both geographical entropy and industrial collaboration were
positively and statistically significantly associated with both research
impact and innovation. Estimates for all remaining fixed-effect and
random-effect parameters are shown in Tables S3, http://link-
s.lww.com/SLA/B554 and S5, http://links.lww.com/SLA/B554 (see
also Tables S4, http://links.lww.com/SLA/B554 and S6–S8, http://
links.lww.com/SLA/B554 for robustness checks).

Figure 3 shows the topology and properties of 4 ego-centered

networks of selected organizations that differed in terms of both

� 2018 Wolters Kluwer Health, Inc. All rights reserved.
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innovation index and clustering coefficient. For instance, Figure 3A
suggests that Leiden University was characterized by a closed ego-
centered network in which the collaborators tended to collaborate
with one another, while Imperial College London (Fig. 3C) was
positioned in a more open network, rich in structural holes, and
opportunities for brokerage between collaborators. In turn, Imperial
College London was associated with a higher innovation index than
Leiden University, which indicates that organizations can extract
value from the structural cleavages separating their partners.

Figure 4 shows the association between closure of ego-cen-
tered networks (node size) and both measures of performance (node
color). Figure 4A does not suggest an unambiguous relationship
between network closure and research impact, as both large and
small nodes can be associated with high performance. Figure 4B,
however, indicates that nodes within closer structures were associ-
ated with lower values of innovation index. Organizations that
produced more innovative outcomes were those that spanned struc-
tural holes between collaborators.

DISCUSSION

This study was concerned with social capital in surgical
research, and has uncovered structural sources of research impact
and innovation. The study examined the relative benefits of 2
opposing structures—closed and open networks—by analyzing the
ego-centered networks of all organizations that published research on
robotic surgery between 1988 and 2017. We investigated the associ-
ation between local clustering coefficient and a 2-fold measure of
research performance: impact and implementation-based innovation

value. Closed structures, rich in third-party relationships, were
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FIGURE 2. The global robotic surgery collaboration network. The size of each node is proportional to the average normalized
citations of the corresponding organization, while the color is proportional to the innovation index. The weight of each link (ie, the
thickness of the line connecting any 2 nodes) is proportional to the normalized count of collaborations between the connected pair
of organizations. Panel A shows the largest connected component of the collaboration network. Panel B shows a subset of less
successful organizations, more peripheral, and poorly connected. Panel C shows a subset of more successful organizations, highly
connected and centrally located within the global network.
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negatively associated with both measures, although only the associ-
ation with the latter was statistically significant.

It is difficult to identify the reason(s) underlying these find-
ings. A plausible explanation (though this was not tested and would
form the subject of a separate study) is that nodes in a closed structure
are more likely to cite each other, thus inflating their research impact
(citations), which would explain the lack of statistical significance of
the negative association between clustering and research impact. At
the same time, a closed structure would naturally limit the oppor-
tunities for brokerage between collaborators and in so doing com-
promise their ability to translate novel ideas, products, or surgical

procedures they may have developed and published into truly

TABLE 1. Maximum-likelihood Estimates From Three-level Rando
the Sum of Normalized Citations, Snc) and Innovation Value (ii)

Research

Clustering coefficient (cc) �0.4027 (
Closeness centrality (l) 6.0782 (
Geographical entropy (e) 10.5599 (
Industrial collaboration (ic) 5.2104 (
Number of articles in WOS (v) 0.0015 (
Number of observations�

Below each estimated parameter, the corresponding standard error is reported within bra
bold.

�The regression models were estimated based on a sample of 639 organizations as thes
Supplementary Material for details, http://links.lww.com/SLA/B554).
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innovative outcomes that could subsequently be implemented on
a large scale. This would explain the negative and statistically
significant association between closed structures (clustering)
and innovation.

Closed networks may still be important to surgical innovation.
They may facilitate distributed understanding, distributed ownership,
and the application of complex ideas.7 However, the present findings
suggest that open networks and brokerage opportunities are vital for
fostering truly innovative outcomes. Open networks enhance inno-
vation by providing the necessary conditions and opportunities for
novel combinations or rearrangements of ideas, technologies, pro-

cesses and for transforming them into well-established, widely

m-intercept Linear Models of Research Impact (Measured by

Impact (snc) Innovation Value (ii)

0.6165) �0.0820 (0.0284)
0.7253) 0.2166 (0.0332)
0.7564) 0.1629 (0.0368)
1.2837) 0.1967 (0.0686)
0.0022) 0.0001 (0.0001)
639 639

ckets. estimated parameters that are statistically significant at the 5% level are shown in

e were the observation units with nonmissing values across all the covariates used (see

� 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Ego-networks of 4 selected organizations, with decreasing values of clustering coefficient and increasing values of
innovation index. In each panel, the ego-centered networks are identified by the yellow circles (above), and zoomed out (below).

Annals of Surgery � Volume XX, Number XX, Month 2018 Network Analysis of Surgical Innovation
implemented products, medical devices, or surgical procedures. This
is achieved through a variety of mechanisms including access to
external knowledge, data, infrastructure, and/or expertise not avail-
able ‘‘in-house,’’ and the sharing of otherwise prohibitive costs and
risks that represent 2 of the greatest barriers to innovation.9 These
mechanisms are particularly salient to modern surgical research
which is expensive, highly regulated, and increasingly reliant on

the diverse inputs from individuals across a variety of backgrounds

FIGURE 4. The association between closure of ego-centered netw
color of nodes). In (A), the color is proportional to research impact,
node is proportional to the number of closed triangles including the
closure and research impact (ie, there are both large and small red n
values of innovation index (ie, most large nodes tend to be the b

� 2018 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2018 Wolters Kluwer Health, Inc. Un
(including scholars not directly related to surgery such as engineers,
computer scientists, and statisticians).19

This study has shown a positive and statistically significant
association between closeness centrality and organizational perfor-
mance. This has important implications for strategy and policy as it
can assist both academic surgeons and policy-makers in their selec-
tion of organizations that have better access to others.15 For instance,

focusing on closeness centrality can prove crucial in a number of

orks (ie, size of nodes) and both measures of performance (ie,
while in (B) to innovation index. In both panels, the size of each
node. While there is no clear-cut relationship between network
odes in (A)), nodes in closer structures are associated with lower
lue ones in (B)).
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scenarios in surgical research such as the optimal setup of multicen-
ter randomized controlled trials where recruitment can be challeng-
ing and a large sample size is needed.20

Our findings have also highlighted the importance of maxi-
mizing an organization’s geographical dispersion in terms of the
location of research partners. Geographical entropy represents a
complementary, yet distinct, dimension to structural openness. It
reinforces the positive association between brokerage and perfor-
mance by shedding light on the benefits that an organization can
extract from a (geographically) diverse collaboration network (see
Supplementary Material, http://links.lww.com/SLA/B554).

It is encouraging to see that global surgery has been recently
gaining increasing attention through a number of collaborative
initiatives.3,4 While these initiatives have been shown to provide
well-known benefits to surgical education and global health (through
the specialized service, training, and equipment provision to the
developing world),3,4 this study suggests that they can also enhance
the research impact and innovative output of all partners involved.
Thus, this study’s findings have important implications as they can
inform policy-makers in their efforts to devise effective collaborative
international strategies and surgical research policies which should
aim to incentivize organizations to collaborate more globally, also
with partners in the developing world.

This study has demonstrated a positive association between
academic–industrial partnerships on the one hand, and research
impact and surgical innovation on the other. In the corporate sector,
such partnerships are actively sought, as they are known to maximize
profits. From the perspective of academia, however, there is more
ambiguity and controversy on their advantages.21 On average, indus-
try contributes less than 10% of funding for academic research, and
joint academic–industrial partnerships contribute to only a small
fraction of the overall knowledge generated.17 Many possible reasons
for this have been put forward. The most widely accepted one relates
to corporate pressures diverting academic researchers away from
their scientific efforts, toward commercialization.17

The positive association between collaboration with industry
and research performance identified in this study may be rooted in
key differences between innovation in surgery and in other fields.
Surgical research and the introduction of new technology (such as
robotic surgery) can be expensive.20 This, combined with the fact that
governmental funding for healthcare research allocated to surgery
tends to be not higher than 5% (3% in the USA and 5% in the UK),
engenders the need for seeking alternative sources of funding.22,23

The medical device industry, with its continuing steady
growth in revenues (projected to reach $398 billions by 2023) amid
periods of economic downturns across the Western world, represents
an ideal collaboration partner in some respects.24 Not only does
industry possess the scale of funds that surgical research often needs
(as well as other vital resources including laboratories and human
capital) but it also has a strong interest in investing in surgical
research (through intellectual property acquisition and subsequent
commercialization of innovations).24

The internal organizational mechanisms of corporations make
them highly experienced in managing various types of resources.
This is likely to result in a more efficient division of labor,17 and
higher research productivity of academic surgeons, typically con-
strained by demanding clinical and educational commitments.
Through the provision of support staff to assist with time-consuming,
bureaucratic activities (such as the drafting of applications for ethical
committee approval, the performance of standardized laboratory
work, and patient recruitment and follow-up), industrial collabora-
tion can further free academic surgeons to concentrate on their
research.17 It is encouraging to see that world-leading universities

have already recognized the strategic salience of collaborations with
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industrial partners, and have set up dedicated liaison offices and even
innovation hubs to act as ‘‘incubators’’ for innovation.25,26 Academic
institutions involved in surgical innovation should be encouraged to
follow their example.

Despite those encouraging findings, it is important to recog-
nize that industry partnerships may not always be beneficial. Caution
should be exerted, especially when corporate research funding forms
part of the partnership because this will inevitably promote conflicts
of interest (including those concerned with intellectual property and
ownership of the innovations)27 as the goals of industry and academia
do not often align—the former is predominantly driven by commer-
cial incentives while the latter by serving the public good.28 Problems
can range from subliminal biases (eg, surgeons opting for expensive
medical devices in the absence of evidence on superiority to existing
ones) all the way to research misconduct (eg, companies suppressing
the publication of trial results not favoring their sponsored products)
generating ethical concerns.29 It is however reassuring that the
severity of these problems is now widely recognized and a number
of measures have been taken to counteract them. Examples include
the establishment of the Physician Payments Sunshine Act and
initiatives from the International Committee of Medical Journals
Editors regarding clinical research governance that include the
compulsory registration of all clinical trials and submission of
conflicts of interest disclosure forms by all authors.30

The present study has a number of strengths and weaknesses.
Its main strength lies in the novel network-based perspective on
surgical research. Network science provides a comprehensive array
of theories and methods for mapping and understanding collabora-
tion patterns.31 Despite its extensive use across the social sciences
and innovation studies,1 its application to the study of collaboration
patterns in healthcare has so far remained relatively limited with only
a handful of published studies.11,15,32,33 In particular, most studies on
surgical collaboration did not rely upon network metrics beyond the
mere number of participating organizations and their corresponding
countries.3,5,34–37 We took a step in this direction by computing both
local (ie, clustering coefficient) and global (ie, closeness centrality)
measures that account not only for each organization’s connections
with collaborators but also for connections these collaborators have
with one another (in the organization’s ego-centered network) and
with other organizations (in the global network).

This study also engaged with current debates and controver-
sies on social capital and its structural sources. The fundamental role
of networking in surgical research for both innovation and patient
care is widely recognized,5 and an increasing number of national and
global surgery initiatives have been recently established.3,34–37

However, which type of networking pattern (eg, open vs closed
structures) matters has remained largely unexplored. The present
study investigated the relative benefits of different collaboration
patterns for both research impact and surgical innovation. The
findings have suggested that both collaborative brokerage and geo-
graphical boundary spanning are catalysts of surgical innovation.
Much of the network and innovation literature has failed to distin-
guish between these 2 mechanisms, although they remain conceptu-
ally and empirically distinct. This study contributed to disentangle
them by suggesting that surgical innovation can be further enhanced
when boundary-spanning leaders leverage collaborative brokerage,
and brokering leaders amplify the spatial diversity of their
collaborative network.

Limitations included the fact that the collaboration network
was constructed based on coauthorship, and therefore did not reflect
any other form of informal intellectual exchange (eg, mentorship,
discussion, informal commentary) that did not result in a publication.
Fully accounting for the problem of the opaqueness of collaboration

would inevitably be an arduous task, especially when conducted on a
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large scale, and we believe our results still remain fairly robust
against possible biases that using coauthorship as proxy for collabo-
ration might induce.11,12 Another limitation of the current analysis
lies in its cross-sectional nature. Future work might consider inves-
tigating the evolution of the collaboration network over time and
uncovering the dynamics of social capital. Collaboration was only
evaluated at the meso (organizational) level. It will be interesting for
future studies to evaluate structural sources of innovation and
research impact at the micro (individual) and macro (country) levels
as well as sources of other innovations in surgery (eg, augmented
reality for intraoperative navigation in robotic surgery and 3-dimen-
sional printing).

This study can be regarded as a proof of concept suggesting
how network analysis can be used in surgical research to foster
innovation and thus patient care through strategic partnerships. The
findings, showing that innovation is inherently a social process, have
a number of implications that can potentially inform policy-makers
and funding bodies. Evidence was provided on the ways in which
existing collaborative efforts can be adjusted and future ones strate-

gically planned to maximize research performance.
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