Jointly published by Akadémiai Kiadd, Budapest Scientometrics, Vol. 70, No. 2 (2007) 459489
and Springer, Dordrecht DOI: 10.1007/s11192-007-0212-7

Networ ks of knowledge:
Thedistributed nature of medical innovation

RONNIE RAMLOGAN, ANDREA MINA, GINDO TAMPUBOLON, J. STANLEY METCALFE

2 ESRC Centre for Research on Innovation and Competition, The University of Manchester,
Manchester (UK)

Innovation in medicine is a complex process that unfolds unevenly in time and space. It is
characterised by radical uncertainty and emerges from innovation systems that can hardly be
comprehended within geographical, technological or institutional boundaries. These systems are
instead highly distributed across countries, competences and organisations. This paper explores the
nature, rate and direction of the growth and transformation of medical knowledge in two specific
areas of research, interventional cardiology and glaucoma. We analyse two large datasets of
bibliometric information extracted from IS| and adopt an empirical network approach to try to
uncover the fine structure of the relevant micro-innovation systems and the mechanisms through
which these evolve along trajectories of change shaped by the search for solutions to
interdependent problems.

Introduction

In the area of innovation research a large body of literature exists on national
innovation systems.? In this theoretical framework, geo-political boundaries are used to

1 Classic references are, anong others, FREEMAN (1995); NELSON (1993); LUNDVALL (1993); and EDQUIST
(1997).

Received April 5, 2006

Address for correspondence:

ANDREA MINA

ESRC Centre for Research on Innovation and Competition, The University of Manchester
Harold Hankins Building, Booth Street west, M13 9QH, Manchester, UK

E-mail: andrea.mina@manchester.ac.uk

0138-9130/US $ 20.00
Copyright © 2007 Akadémiai Kiadd, Budapest
All rights reserved



R. RAMLOGAN et al.: Networks of knowledge

define the ecology of organisations and regulatory settings where invention, innovation
and diffusion of new products, processes and services take place. This approach is
especially relevant in countering the limitations of those accounts of macro-economic
processes of growth that overlook the role played by ingtitutions, and by the
connections between them, in transforming the economic and social landscape. It has
also proved invaluable in its emphasis on the structural conditions that nurture the
creation and communication of knowledge as a major source of competitive advantages
for economies, industries and firms. The regiona variants of the system approach to
innovation (for example, Cook et al., 1997) address the problem of variety within
national borders; sectoral ones (MALERBA, 2005) depart from geopolitical boundaries
and define the unit of analysis by associating organisations that are interdependent
across nations or regions and operate in the same product market; technology-based
approaches (for example CARLSSON, 1995) privilege instead the composition of
competences underpinning innovation across sectors.

A different framework is suggested in CoomBs et a. (2003) and METCALFE &
TETHER (2003), where the authors highlight the need to focus on innovation processes
and to investigate the way these are dynamically distributed across organisations as
economic systems evolve. Thisis very close to the approach used in this contribution to
analyse invention and innovation systems in medicine. Building on previous efforts
(METCALFE et al., 2005), as well as on the fundamental contributions of BLUME (1992,
1995), GELIINS & ROSENBERG (1995, 1999), in this paper we explore the evolution of
medical knowledge in the areas of cardiology and ophthalmology. We do so by
following over relatively long time periods the search for treatments for specific
pathologies and by decomposing aong the relevant sequences of innovations that have
emerged over time, the distributed nature of knowledge, and the associated division of
labour, across epistemic, geographical and organisational domains.

We take an empirical network approach to the study of medical innovation and try
to uncover the fine structure of the innovation system and the mechanisms through
which it changes from within, together with the knowledge it embeds. A network
perspective, as POWELL & GRODAL (2005) argue in a recent survey, provides an ideal
tool for the analysis of distributed processes of knowledge creation and diffusion
spanning across boundaries and linking universities, government and industry both
locally and globally. It has already been applied successfully to the study of innovation
(see MURRAY, 2002; and OWEN-SMITH & PoweLL, 2003 for recent contributions) and
has a strong tradition in the field of bibliometrics (see for example, BHATTACHARYA &t
al., 2003; and LEYDESDORFF & MEYER, 2004).2

2 Since the purpose of this paper is markedly empirical, it is beyond its scope to provide extensive discussions
on networks or network tools for bibliometric analysis. For the first, we refer the reader to FREEMAN (1991)
and POWELL & GRODAL (2005) and for the second to BARABASI (2002).
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In this paper, we use techniques of network analysis to conduct a comparative study
of two medical problems, one — relatively solved — in the field of cardiology, and one —
relatively unsolved — in the field of ophthalmology. The first is coronary artery disease,
which causes severe disability and more death than any other disease, including cancer,
in affluent societies. The medical conditions associated with it are angina, ischaemia,
unstable angina, myocardia infarction, arrhythmias, heart failure and sudden death. The
now dominant surgical treatment for coronary artery disease is percutaneous
transluminal coronary angioplasty (PTCA), heralded as one of the greatest
achievements of modern medical research.® The second problem we explore is
glaucoma. This is a disease of the eye, where progressive damage to the optic nerve
leads to loss of vision. Global prevalence of the disease is estimated at 50-70 million
persons and total blindness caused by Glaucoma at 7-8 million (GLAUCOMA
FOUNDATION, 2003). The onset of glaucoma is slow and painless and the lack of
obvious symptoms during the early stages has led to glaucoma being referred to as the
‘silent thief of sight’. Currently there is no universally accepted definition of glaucoma
and damage caused by the disease can be arrested, but not reversed. In contrast to
treatment aternatives available for coronary artery disease, glaucoma remains very
much a problem that has resisted scientific solution

The paper is organised as follows. In the next section we present the data used and
illustrate our methodological approach. We then profile the clinica conditions of
coronary artery disease and glaucoma and the nature of progress in clinical research in
the two areas. We explore in some detail the epistemic, geographic and organisational
dimensions of the divison of labour in interventiona cardiology and glaucoma
research. We conclude with a brief discussion of the limitations of the work and of the
paths we consider for further investigation.

Data and methodology

After reviewing the relevant medical literature with the aid of expert advice from
staff of the Medical School of the University of Manchester,* we explore the
composition and development over time of the problem sequences associated with
treatments for coronary artery disease and glaucoma. The expected result is to provide
valuable insights into the evolution of the epistemic dimension of medical research
through time and across clinical fields. Secondly, we map the structure of the core
networks of practitioners over a period of about thirty years, explore the distribution of

3 A recent survey of general internists actively involved in patient care by FUCHS & Sox (2001) ranked
coronary angioplasty 3rd (only behind MRI and CT scanning and ACE inhibitors) of the 30 most important
medical innovations over the last 25 years.

4 We are especially grateful to Dr. Luigi Venetucci, Prof. A.M. Heagerty and Prof. D. Hansen.
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medical knowledge within and across innovation systems and uncover the
organisational structures that underpin the growth of this knowledge.

For this purpose, we constructed two bibliographic datasets with records extracted
from the Thomson Scientific (Institute for Scientific Information; ISI) data resources.
The first is a bibliographic database of papers published in the area of interventional
cardiology between 1979 and 2003. It contains basic details and bibliographic citations
for 11,240 publications that were identified by keyword pairs crosschecked and
validated by practitioners consulted in preliminary phases of research. The second
dataset contains bibliographic information related to papers published in relation to
glaucoma, which served as the main keyword. It consists of 12,654 papers published
between 1970 and 2003. We note two interesting feature of the data. First, asis clear
from Figure 1 there has been alogistic growth of publicationsin the two fields of focus.
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Figure 1. Growth of glaucomaand CAD Articles 19792003

The number of publications has increased remarkably in the last twenty-five years
with especially fast rates of growth around 1990 and 1995 for both research areas. Rates
of growth are also associated with rates of transformation, as the composition of paper
cohorts has also changed considerably (we shall see this in some detail later). To
explore the nature and scope of change and the interrelations between research efforts
through time we use some of the information contained in the two datasets to construct
a series of graphs that map, at different levels of aggregation, the epistemic,
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geographical and organisational dimensions of the development of scientific knowledge
in the areas of interventional cardiology and glaucoma.

We deploy techniques for structuring and visualising large networks. The tool of
choice for this paper is Pajek, a special piece of software developed by mathematicians
from the University of Ljubljana. The software can implement various agorithms to
find and extract clusters from networks to enable analysis of the relationships among
them. The network maps we created for illustrating our arguments used the Kamada-
Kawal spring embedding algorithm which is based on the minimisation of the total
energy of the system (BATAGELJ & MRVAR, 2003).

Epistemic division of labour

In this section of the paper, we briefly summarise the process of emergence of
different streams of research in interventional cardiology and glaucoma® and then move
to longitudinal network analyses of the bibliographic data we have gathered and
structured.

Coronary artery disease

Coronary artery disease (CAD) results from a process called atherosclerosis through
which plague forms on the inner layer of the coronary artery and impedes the flow of
blood to the heart. No symptoms are felt by the patient while deposits start to
accumulate in the vessels, but as the disease progresses the patient experiences chest
pains of varying degree as well as shortness of breath. If untreated, the eventual
outcome of the process may be a heart attack.’ The discovery of beta blockers and
calcium channel blockers, in the 1960s and 1970s respectively, greatly contributed to
alleviate the condition. However, although they provided relief for some of the most
debilitating symptoms, they were not a remedy for their underlying cause. The
development of coronary artery bypass surgery was a path-breaking contribution as it
provided a mechanical solution to restore normal blood flow. Bypass surgery is a highly
invasive surgical procedure through which blockages of coronary vessels are
circumvented by using blood vessels harvested from other parts of the body (legs or
chest walls). It is along and complex procedure’ and in spite of fierce disputes about its
effectiveness in relation to the high risks it involved, it diffused rapidly during the
1970s.

5 Detailed case studies are to be found in MINA et al. (2005) and CONSOLI et al. (2005), respectively.

6 1t only becomes painfully evident when the vessel is approximately 70% occluded (blocked). At this level of
closure, the oxygen-enriched blood that the heart receivesis only adequate when the body is at rest.

71t requires general anaesthesia, the use of a heart-lung machine to substitute for heart lung functioning
during surgery and alengthy post surgery recuperation period.
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An dternative to purely pharmacological treatments and to bypass surgery emerged
in the late 1970s and was to revolutionise the whole discipline of cardiology. Its
champion was an angiologist from the University of Zurich named Andreas Gruentzig.
Building upon established methods used for cardiac catherisation and transluminal
angioplasty he developed a balloon tipped catheter of very minute proportions to dilate
the constricted coronary artery. This new technique of percutaneous transluminal
coronary angioplasty (PTCA) was successfully applied to animal modelsin 1976 and in
1977 succeeded on a human patient. The technique spread quickly thereafter
particularly in the US and contributed to the establishment of interventional cardiology
as adistinct medical speciality.

A vast number of improvements in devices and practice soon followed. These
included the invention by Simpson in the early 1980s of the steerable balloon catheter,
which allowed much greater ease in reaching the diseased vessels. But as new solutions
were found, new problems emerged. The solution to the catheter problem and
Greuntzig's balloon device to compress the plaque opened up new territory for it was
soon found that the plaque often reformed after surgery (a condition called restenosis)
with the consequence of dramatically reducing the efficacy of the treatment and raising
its real cost. The solution to this new problem was the invention of the stent, an
expandable metal device that is left in situ after the occlusion is eliminated to support
the blood vessel wall and prevent the formation of new deposit. Interestingly, not even
the stent provides a final solution because restenosis can occur on the inside of the stent.
As a consequence, a number of drugs, devices and procedures are now being devel oped
to prevent in-stent restenosis and further improve the aready invaluable benefits of
PTCA.

Glaucoma

While coronary artery disease has found (in PTCA) an effective, minimally invasive
and increasingly popular treatment option, the same cannot be said for glaucoma, which
to date has unclear causes and few treatments of limited success. Glaucoma s a chronic
disease of the optic nerve whose main symptom is the progressive restriction of the field
of vision. This initialy involves loss of peripheral vision and is associated with an
excavation of the optic nerve that can be detected by internal inspection of the eye.
Although specialised textbooks abound of theories, there is neither agreement nor
strong evidence of the cause inducing the degeneration of the optic nerve and leading to
theloss of sight.

Up until the early 1950s the dominant paradigm in the study of glaucoma considered
abnormal intra-ocular pressure (IOP) as the origin of the disease. As a consequence,
research efforts were directed to understanding the reasons underlying the increase in
IOP. In this frame of analysis, two types of glaucoma were identified and classified on

464 Scientometrics 70 (2007)



R. RAMLOGAN et a.: Networks of knowledge

the basis of the relative openness or closeness of the angle of the eye comprised
between the pupil and the iris. From the 1950s the association of glaucoma and 10P
started to be looked at with scepticism and a variety of aternative hypotheses started to
develop. 10P is now simply considered as one among many potential causes of the
disease and glaucoma is generally interpreted as a complex optic neuropathy.

As the fundamental understanding of the disease changed over time, so did the
technologies developed for therapeutic and diagnostic use. When |OP was the focus of
clinical research, this was the privileged target for surgery and pharmaceuticals. The
same can be said for diagnostic devices. Among them, tonometers were used to assess
IOP, perimetry tools to measure reductions in visual field, ophthalmoscopic and
gonioscopic devices to inspect the structural features of the optic nerve. While useful to
some extent, none of these technologies has emerged as an ultimately satisfactory
solution and although numerous innovations, among which computers and lasers, have
found useful application in the field of glaucoma, much of the most recent state-of-the-
art treatments still target 10P reduction. Naturally, if this is not the only cause of the
disease, only a minority of patients can really benefit from this kind of treatment and the
chances to reverse glaucomatous damage across the spectrum of potential causes remain
very limited and the scope for investigation broader than ever.

The evolution of research paths

In the evolution of scientific and technological knowledge, trajectories often emerge
in the form of sequences of innovative ideas (METCALFE et al., 2005). These involve
coherent directions of change and signal the cumulativeness of research activities whose
results build on previous knowledge. Furthermore, they involve specific configurations
(for example, technical designs) embodying ways of combining knowledge which
become formal of informal standards (UTTERBACK, 1994) in the search for solutions to
problems. The emergence of trgectories (Dosl, 1988) implies that evolution of
knowledge is not random. At the same time the direction of progress can very rarely be
seen ex ante, which means that there can be little determinism in the process through
which trajectories of change take form. Research paradigms emerge through complex
processes and out of the highly dispersed activities of practitioners who, however
connected through the ingtitutional ties of the relevant communities, have different
experiences, competences and visions. If it were not so, no novelty could ever be
introduced into the system because every agent would either have identical thinking or
converge to the same frame of thought and sooner or later the innovative potential of
the existing search space would become sterile.

In the evolution of medical knowledge, phases of consolidation of past results
coexist with exploration of new search spaces. Mapping the development of clinical
research should therefore uncover dynamics of convergence and divergence between
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streams of investigation; areas of intense density and areas where contributions are
scarce; and single or multiple trajectories that follow one another or coexist in the same
time period. Techniques of longitudinal network analysis allow us to do precisely this.
Figure 2 shows developments in research in interventional cardiology over the past
three decades.
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Figure 2. Network evolution of medical knowledge for PTCA

The map is obtained from paper citations and displays from bottom to top key
papers that are connected through citations from 1979 to 2003. To construct it we used a
variation of the Main Path Algorithm, described in BATAGELJ (2002), which enables a
parsimonious longitudinal examination of citation networks and illustrates branches of
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developments that the medical community itself selects out as especially important by
quoting the relevant contributions. Among all possible “chains’ of citations from the
most recent records to the oldest, the algorithm computes the paths that are most
frequently encountered.8 The resulting visualisation permits an appreciation of, at each
time period and across time periods, diverging and converging streams of
developments, that is to say the trails pursued by the medical community in the search
for solutions to the problem of coronary artery disease.

Inspection of the map reveals that nodes broadly contained in cluster A are strongly
connected to the original breakthrough of Gruentzig and clearly illustrate a phase of
intense exploration of the search space opened up by the first appearance of coronary
angioplasty. Analysis of a number of these papers reveals that these are concerned with
the efficacy of PTCA and the conditions under which the procedure could work. Among
them, special mention should be made of the study by COwLEY et al. (1985) which was
produced under the sponsorship of the National Heart Lung and Blood Ingtitute and
provided early evidence on the effective use of balloon angioplasty procedures in
medical centres across the US and in other countries.

Between 1986 and 1995 (cluster B) papers reported various developments of the
technique and began to focus on the unexpected problem of restenosis’ (for example,
PEPINE et al., 1990). During the latter part of the 1980s the application of stent as a
promising solution gathered momentum and it is in relation to this specific device that
we can explain the visible convergence of the epistemic network between areas B and C
to mark a new step change in the progress of clinical research. Until the mid 1990s,
results from clinical trials where stents were used failed to meet the expectations that
were raised because of the great variability in the outcomes of surgery. The watershed
in the evolution of the network (studies by FISCHMAN et al., 1994 and COLOMBO et dl.,
1995) coincided with the emergence of persuasive evidence of the advantages of
stenting compared to ‘simple’ balloon angioplasty and to the finding that the success
rate of the procedure heavily depended on the placement of the stent graft.

Subsequently, new scope for exploration opened up to new contributions (papers in
cluster C) whose aim became not only to improve upon the use of stents but also to deal
with the problem of the plague reforming inside the stent (in-stent restenosis). This very
problem also triggered the emergence of parallel trgjectories of research. Among the
various solutions that were explored in the last period we consider are stents coated with
drugs that are locally delivered to the point of the lesion, pharmacological therapies that
precede or follow stenting, and radiation therapies (cluster D).

While the angioplasty network developed rather consistently along a highly coherent
path, the citation network of glaucoma, which is fully comparable in size, displays far
less unity and the patterns of convergence are partial and untidy.

8 For details on the use of the algorithm, see RAMLOGAN & TAMPUBOLON (2004).
9 Restenosis is the re-narrowing of the artery after treatment.
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As shown in Figure 3, when the paradigm of IOP started to be challenged towards
the end of the 1950s, papers cluster distinctively in groups A, B and C. Around the
1980s, a partial convergence appears to take place in cluster D, after which clusters E
and F branch out to occupy the extreme areas of the diagram after the mid-1990s. The
early years were a highly exploratory period as indicated by the horizontal deviations
from core streams. These correspond to the growth of complementary fields of analysis,
whose building blocks are the much-cited treatises by POSNER & SCHLOSSMAN (1948)
on the clinical course of glaucoma, and by CHANDLER (1952) and BARKAN (1954) on
pupillary block and angle-closure glaucoma.
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Figure 3. Network evolution of medical knowledge for glaucoma

Cluster A (roughly 1954-1987) contains papers mainly focused on Primary angle-
closure glaucoma.”® Papers in cluster B (roughly 1949-1967), investigated hereditary
forms of glaucoma. The connected cluster C (roughly 1956-1982) targets the
refinement of the concept of Open-Angle glaucoma and the process of aqueous outflow

10 The most recent ones in this group (i.e. after KRUPIN et al., 1978) analyze various results obtained with the
technique of filtration surgery.
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through experimental glaucoma. The important works by Quigley (see QUIGLEY et at.,
1981; and QUIGLEY, 1982) on the mechanisms underlying optic nerve damage also
figure prominently in this cluster and it is through his contributions that this cluster
connects with cluster D (roughly 1983-1991), where the system temporarily appears to
converge. Here we find turning points in the growth of medical knowledge on
glaucoma, such as the contributions of Airaksinen (see AIRAKSINEN & HEIJL, 1983),
Drance (see DRANCE et a., 1986) and Jonas (see JONAS et a., 1988), which are
considered the foundations of modern ophthalmology. These works to some extent
unified the dispersed hypotheses previously formulated on the damage of the optic
nerve by discovering the retinal nerve fibre layer and the association between its
changes and the progression of glaucoma.

From this point onwards, divergent streams of research can be identified to show
how modern ophthalmology has further evolved across disciplinary boundaries. Cluster
F (top far right) contains a number of technology-related papers that deal with the
repetitive scanning of the optic nerve head, notably by means of Scanning Laser
Polarimetry. Cluster E (top left), instead contains studies on a number of developments
following the discovery of the Trabecular (meshwork) Induced Glucocorticoid
Response protein (TIGR) gene in 1993. Interestingly, in this cluster journals chiefly
concerned with ophthalmology coexist with publications in the area of genetics and
molecular biology, signalling a drastic shift not only from the study of IOP, but also
from analysis of the structure of the optic nerve.

Comparison between Figure 2 and Figure 3 reveals more streamlined patterns of
research in interventional cardiology than in glaucoma. While this may signal that a
robust trajectory has emerged in the first, in the second research efforts are more
scattered, and although coherent patterns can be identified over time, exploration of the
search space appears to take very different streams. The objection could be advanced
that this is due to the different time periods considered for CAD (30 years) and for
glaucoma (50 years), which are justified by the emergence at different times of
comparably radical breakthroughs (the invention of coronary angioplasty and the
challenge to the IOP paradigm respectively). In fact, as the algorithm underpinning the
graphs computes the longitudinal connectivity of the network, consideration of longer
time periods may favour the elimination of variety because the selective mechanism of
citations progressively weeds out paths that have produced relatively less good results
in the long run. This seems to be precisely the case. The map we can obtain using the
last 30 years of data on glaucoma reveals equally fuzzy structures.

A second problem that could distort the comparison could derive from the strategy
used to retrieve the publications records, which relied on the specifically chosen
keywords. Ultimately, the search strategies conformed to textbook knowledge and
expert advice. Moreover, the paths illustrated in Figures 2 and 3 are remarkably fitting
‘quantitative’ complements of virtually all the qualitative accounts of long-run progress
in coronary disease and glaucoma contained in the relevant medical literatures. Finaly,
there is a chance that the entropy of the network structures may depend on the way in
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which titles, abstracts and references are compiled in the relative scientific domain.
However, we found no such difference in the practices adopted in CAD and glaucoma
research.

A difference can instead be found in the patterns of co-authorships in the two
networks. It has been widely recognized that progress in science and indeed innovation,
is characterized by extensive and increasing degree of collaboration. WALSH & BAYMA
(1996) for example pointed out that the paper which announced the discovery of the
quark listed 398 authors from 34 institutions across 5 countries. Multiple-authorship is
also a characteristic feature of the medical domain. Figure 4 shows the distribution of
authorship per paper in our databases.

Single authorships account for 6 and 16 percent in Interventional Cardiology and
Glaucoma respectively. However, whereas 85 percent of the papers in Glaucoma were
authored by no more than 5 persons, in the case of cardiology the respective figure was
just 46 percent. Larger teams co-author in interventional cardiology and this may to
some extent reflect differences between fields that may be due to such factors as
research cultures and incentives. 11
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Figure 4. Distribution of co-authorshipsin interventional cardiology and glaucoma, 1968-2003

1 various explanations of the phenomenon in the literature have been classified by WAGNER &
LEYDESDORFF (2004) according to environmental factors within which science operates, for example, the
differences in incentives/funding available within and across countries; and to the connections within and
around science, particularly the increasing capacity to conduct science globally and the increasing
connectedness of scientists within and across countries for reasons related to transdisciplinarity and the
accessibility of internet related technologies. Wagner and Leydesdorff further suggest that these explanations
cannot be supported by a review of the data and instead propose that the growth of international co-
authorships can be attributed to self organising phenomenon based on preferential attachment, an issue which
has been explored in various papers, see NEWMAN (2000) and with respect to interventional cardiology in
RAMLOGAN & TAMPUBOLON (2004).
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International division of labour

Our concern in this and the following section is to further examine the issue of the
distributedness of innovative efforts in medicine and to do so with regard to the
geographic and institutional structure of the glaucoma and interventional cardiology
networks that emerged over the last few decades. We focus in particular on the
collaborative dimensions that underlie what progress has been made in these two
medical areas. This serves to illustrate the nature of the division of labour which
transcends very clearly the boundaries of national systems. As we have observed in our
data some of the most important clinical trials are distinctly international in scope and
the reasons for this and consequences cannot be fully appreciated if one were to proceed
from a national system perspective. This is not to deny but rather to complement
understanding of intra national connections between firms and local knowledge bases.

As our data reveal, dealing with these magjor health problems which afflict mankind
is a burden shared, albeit unevenly, by the international community. We extracted
addresses'™ from the bibliometric records and coded the data by locality, either US state
(because of the preponderance of research and publishing activity across the US) or
country to derive the respective network maps for the two medical areas shown in
Figures 5 and 6.13 The data show more states/countries interacting in the case of
glaucoma research than in interventional cardiology. Some 157 units were identified in
the former compared to 116 in cardiology. We isolated those nodes which related to
single authored papers or multiple authored papers from the same country/US state and
constructed the respective networks to give a visual appreciation of the distribution of
collaborative research activities across countries over the period. The interventional
cardiology map therefore relates to 106 nodes (countries/US states) while the glaucoma
map accounts for 137 nodes.14

It is apparent from even a casual glance at these maps, that a lot of collaborative
publication (and by inference research activity) takes place within the US, indeed, 47
states are represented in the glaucoma network while all 50 states are present in
cardiology research. It also appears from the maps that there is a greater quantity of
collaborative publication among cardiology researchers than is the case for glaucoma.
Indeed thisis confirmed by the network density of the two maps. This statistic measures
the proportion of links which exist between all members in a network relative to
potential links if all nodes connected with each other. The interventional cardiology
network has a density of 30 percent, approximately three times higher than that of
glaucoma.

12 Just over one thousand records in the glaucoma database which relate mainly to the pre-1970 period did not
contain author addresses.

13 Nodes were further classified by shape, triangle for US states, squares for European countries, white circles
for countries from Australasia and dark circles for others.

14 All maps were energised by the Kamada-Kawai algorithm in Pajek.
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The diagrams show a distinctive patterning in the clustering of nodes. Countries
from the periphery tend to be linked with those in the denser part of the network and by
and large these are Third World countries and those from Eastern Europe. There
generaly seems to be a partitioning between the American states and European
countries which is particularly clear in the interventional cardiology network. Some
important innovators such as Singapore, Japan, and Israel as well as large emerging
economies such as Brazil and India occupy the frontier between the North American
and European codlitions (with Canada almost equally distant from New York and
France). No such ordered pattern is found in the Glaucoma network.

One of the obvious questions that could be posed when viewing these rather
complicated networks is who are the most important actors? There are various measures
used in the literature to examine this question and in this context we use a normalised
degree centrality statistic.'® This is the degree centrality of each node expressed as a
proportion of the maximum degree — that is the number of other nodes in the network
(DE Nooy et al., 2005, p. 128). Table 1 shows the centrality rankings for the top twenty
nodes for the two networks. As is intuitively obvious from the diagrams the American
presence is particularly weighty occupying 14 of the top 20 positions in Glaucoma and
15 in the case of Interventional Cardiology. England, Germany, Canada and France are
common to both networks although their rankings are different while Finland and Japan
only appear in the Glaucoma top twenty and the Netherlands in the Cardiology top
twenty.

In graphing a map for the whole period we delete the inter-temporal dynamics and
risk providing an overly static picture of the evolution of the international
collaborations. In an attempt to understand even in a limited way how the network has
evolved, we have partitioned the data and constructed networks for earlier periods using
1989 as a cut-off period. The data allowed us to construct a network for Glaucoma
between 1968 (the earliest recorded address) and 1989 and for Interventional
Cardiology between 1979 and 1989. We then recomputed the centrality scores for the
respective lists in third and sixth columns of Table 1 and established the rankings again
based on the centrality measure. Researchers from Kentucky, Japan, Mississippi and
England seemed to have made the most progress in terms of cross-country collabora-
tions in Glaucomal® Texas was the star performer in Interventional Cardiology,
climbing 26 positions to share the number one rank with California and France.

15 A number of measures for centrality are available in the social network literature (see also the discussion of
their limitations in BORGATTI, 2005). For the purpose of this exercise the normalised degree centrality seems
sufficient.

161n order to explain the movement in the ranking of individua countries/states a different but
complementary framework of analysis, and data on the rates of internal incentives to collaborate, is needed.
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Table 1. States centrality

Glaucoma Interventive cardiology
Centrality ranking Centrality ranking
1968-1989 1968-2003 1978-1989 1978-2003

CA 2 1 FRANCE 18 1
NY 1 2 CA 2 1
ENGLAND 18 3 X 27 1
MD 4 4 CANADA 8 2
MA 2 5 GERMANY 15 2
PA 4 6 NY 13 2
GER 18 7 OH 18 2
TX 8 8 MA 1 3
FL 9 9 PA 3
CANADA 6 10 FL 3
MI 27 11 MN 6 4
IL 7 11 DC 10 5
FRNACE 20 12 NC 17 6
MO 9 12 MD 3 7
NC 11 13 ENGLAND 0 7
FINLAND 20 13 MI 16 8
JAPAN 37 14 GA 8 9
KY 40 14 NJ na 10
wi 13 14 NETHERLAND 18 11
OR 24 15 wi 6 12

0= isolate
n.a. = not in the network in time period

New Jersey, which had no publication between 1979 and 1989 achieved a ranking of 10
by 2003 while England moved from a zero score (no cross country collaborations) in
the earlier period to reach number 7.

Organisational division of labour

In the previous section we explored the international dimension of the division of
labour in clinical research in the fields of glaucoma and interventional cardiology. In
this section we focus on the ingtitutional distributedness of the networks and provide
evidence of the range of complementary competences that underpin progress in medical
science. BLUME (1995) and GELIINS & ROSENBERG (1995) have previousy
characterised the innovation process in medical devices in terms of the interaction
between multiple disciplines and multiple agencies with close relations emerging
between firms, clinicians and academic scientists. We have been able to locate in our
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two networks universities, hospitals, independent research ingtitutes, foundations,
government departments and firms.

Hospitals comprise a fundamental component in medical innovation systems
because they are the loci of clinical practice. It is only through practice that new
treatments reveal their latent potential as well as their drawbacks and that serendipitous
observations are made that may hold the key to the formulation of new ideas for
treatments. Among them, research hospitals (and research foundations or research
institutes where clinical services are aso delivered) are especialy important
institutions. On the one hand, they tend to be teaching institutions and to form integral
parts of academic ingtitutions. They are therefore prime mechanisms for the
intergenerational  diffusion of knowledge, whose tacit components are often
predominant in the field of medicine. On the other, research hospitals provide the
organisational links between basic science, mostly produced in universities, with
experimental phases of research where firms are involved as partners in the
development of prototypes (be they drugs or devices) or as suppliers of products that
must be tested in clinical trials in order to receive market approva from regulatory
authorities. In this case, firms often act as sponsors for the trials.”

In Table 2 we classified by type of ingtitution all the addresses extracted from the
databases to show the percentage institutional composition of the networks.18

Table 2. Organisational distributedness

Interventive cardiology Glaucoma

Type No of addresses % No of addresses %
University and University Hospitals 17115 55.0 18443 67.0
General Hospitals 8269 26.6 4934 17.9
Firms 2560 8.2 842 31
Foundations/Institutes/Government 2277 7.3 2392 8.7
Other 905 29 914 3.3
Total 31126 100.0 27525 100.0

Proportionally, we notice stronger involvement of Universities and University
Hospitals in the area of glaucoma, and weaker relevance of General Hospitals than in
Cardiology. Part of the reasons for this may reside in the differential successin tackling

171n this respect, it is important to emphasise that papers are not always less informative source of applied
research output than patents. In the field of medicine, patenting often precedes clinical trials where firms have
their proprietary artefacts (be they drugs or devices) tested for performance and safety. As a consequence,
publications of the results of trials in the medical literature can be better indicators than patents of impending
innovation.

18 This was based on systematic inspection of address fields and the use of several rules of thumb to allocate
to institutional types where it was not clear from the data. The classification proved sufficiently robust against
arandom selection of the final allocation by internet search of the organisations.
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the disease, so that General Hospitals, where ‘normal’ practice is carried out, play a
bigger role in the domain where knowledge of the disease is more advanced. We also
noted a stronger presence of firms in interventional cardiology than in glaucoma. This
may also signal that involvement in science of drug and device producers grows not
only with the size of the market, but also with the stage of development of treatmentsin
relation to fundamental understating of the disease. Inspection of the firms contained in
the datasets also reveals that in CAD, small firms (especially engineering-based device
producers) are much more numerous and diversified in their range of competences than
in glaucoma, where large pharmaceutical companies dominate in spite of a fairly
limited range of alternative treatments.

We used the addresses of authors to construct networks that show the linkages
among organisations. Figures 7 and 8 illustrate the rich ecologies of organisations from
which co-authored papers in our glaucoma and interventional cardiology databases are
located. These figures have been extracted from the wider networks that define the
collaborative relationships in both fields. In the case of glaucoma the network is made
up of 3980 nodes compared to the 3671 nodes for interventional cardiology. Asin the
country level analysis, the density of the cardiology network far exceeds that of
glaucoma, this time by a factor of 5. However as the density figures imply, these
networks are only loosely connected internally, 0.1 percent in the case of glaucoma and
0.5 percent for interventional cardiology. Notwithstanding, it is virtually impossible to
visualise the underlying structure of these networks given the number of nodes. In order
to derive the networks illustrated in Figures 7 and 8 we selected only those nodes with
10 or more connections in the case of glaucoma and 20 or more in the case of
angioplasty.19.20

The variety of organisations that engage in scientific collaborations are partly
explained by the need for innovation to bring together different skills and capabilities
that are rarely found embodied in the same institution. Technological breakthroughs
often demand the simultaneous use of different sets of skills and knowledge bases
in the innovation process (ARORA & GAMBARDELLA, 1990; POwELL et al., 1996).

19 These thresholds enabled us to view the relationships between 276 glaucoma nodes and 503 interventional
cardiology nodes.

20 Nodes were coded to facilitate visual identification and we privileged in the diagram labelling those nodes
that are firms (triangles) and those national/international institutions and foundations (squares). Universities
and university hospitals are diamond shaped; general hospitals are coded as white circles while dark circles
resisted classification by our schema. Severa distinctive clusters connected to the main network by
‘gatekeepers' are evident in the diagrams. For example Cluster A in Figure 7 represents a multi-centre in
France (DELCOURT et al., 1995) in which the ‘gatekeeper’ is INSERM, the National Institute of Health and
Medical Research.
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The literature on innovation and inter-organisational learning has also highlighted the
set of linkages and the resulting collaboration networks are the key vehicles through
which organisations obtain access to external knowledge. Interfirm linkages in
particular have been shown to provide two kinds of network benefits namely resource
sharing, that is, allowing firms to combine knowledge, skills and physical assets; and,
access to knowledge spillovers, serving as information conduits through which news of
technical breakthrough, new insights to problems or failed approaches travels from one
firm to another (AHUJA, 2000). To illustrate the nature of firm involvement in scientific
networks and the degree of diversification of research efforts in interventional
cardiology and glaucoma, we chose from the dataset a sample of 5 firms with high
degree (normalised) centrality scores, of which one, Merck straddles both domains. We
then extracted from the main networks subsets of nodes directly associated with these
firms to produce a series of firm-centred networks (Figures 9 to 14). We comment
briefly on these networks drawing on secondary data:**

Figure 9 shows the network of collaborations in interventional cardiology research
of Centocor Inc. Thisis a North American biotech company specialising on treatments
for heart attack, unstable angina, coronary artery disease, Crohn's disease, and
rheumatoid arthritis. In relation to coronary artery disease, its core business is the
supply of drugs that are used to complement percutaneous coronary interventions.??
After joining forces with Fujisawa Pharmaceutical Ltd for market approval and
marketing of its leading product in Japan (1996) and with Eli and Lilly & Company for
marketing the same product in the US, Centocor merged with Johnson & Johnson, a
major player in the broader medical sector, in 1999 but maintained its name.

Centocor’s network of collaborations derives from participation in four large US-
based randomised trials where its main drug (called ReoPro) for the treatment of
coronary conditions was successfully tested in combination with balloon angioplasty,
atherectomy and stenting procedures. In the core of the network we find the Research
Hospitals where the trials where conducted. We note the presence of some of the key-
players in the CAD network, the closest being the Cleveland Clinic Foundation, the
Baylor Medica College and Duke University Hospital, who are key research
organisations in the field ranked by global centrality indices 2, 70 and 1 respectively.

2! These are not intended as fully-fledged case studies but simply as ways to enrich our appreciation of the
nature of inter-organisational linkages in medical innovation systems.

22 To be more specific, these are monoclonal antibodies that prevent ischemic complications for patients
undergoing PTCA and can function as substitutes for conventional medical therapy when thisis not effective
in reducing pains from unstable angina.
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Figure 9. The Cordis network

We note also the connection with Eli Lilly & Co. Inc., who own the trademark of the
product, and with Chronolog Corporation, who supply reagents and reagent kits which
are used to measure the effects of drugs on the function of platelets™ and is located, as
is Centocor, in Pennsylvania.

The second example we selected from the interventional cardiology is Cordis, one
of the world leaders in research and supply of devices for vascular diseases. It employs
7000 people worldwide distributed in four business units/subsidiaries: Cordis
Cardiology for cardiovascular disease management; Cordis Endovascular for the
treatment of peripheral vascular and obstructive diseases; Cordis Neurovascular, Inc. for
neurovascular management of stroke, and Biosense Webster, Inc. for electrophysiology
and medical sensor technology in cardiovascular procedures. In 1996, it merged with
Johnson & Johnson Interventional Systems Co. to become a subsidiary of Johnson &
Johnson but continues to operate under its original name.

23 Platelets are those bodies present in blood that form clots to stop bleeding.
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Figure 10. The Centocor network

Since its foundation (1959, Miami) it has maintained a strong record of innovations
in less invasive treatments for coronary artery disease. These include some of the first
lines of guiding catheters for PTCA and the very first balloon expandable stent (the
Palmaz-Schatz stent) which received market clearance for the US in 1994 and is widely
recognised as a true step-change in the evolution of interventional technologies. The
network of collaborations of Cordis is broad and especialy notable if we consider that
as a medical device company, as opposed to pharmaceutical or biotech companies,
involvement in medical science tends to be limited to the publication of results from
clinical trials. In Figure 10 we notice participation in European-based trials (it has a
close link with Erasmus University Hospital (Rotterdam), where angioplasty procedures
were pioneered in Europe) as well as in US-based trials, which are found in the denser
area of the network in the top left corner of the map. We also notice the link with
Cardiaysis, which is a Rotterdam-based contract research company specialised in the
organisation and management of large clinical trials in the field of cardiology.
Interestingly, its top three academic partners in research are Tubingen Univerisity
(Germany), the Instituto Dante Pazzanese (Brasil) and the Hospital of the University of
Pennsylvania (US) which suggest a pattern of international diversification in research

strategy.
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Allergan is a North American global pharmaceutical company specialised in eye and
skin care. It employs 5000 people and has marketing and sales capabilities in 100
countries. As of the beginning of 2002, Allergan had the largest sales force in
ophthalmology in North American, Europe, Latin America and Asia, outside of Japan.
As far as R&D is concerned, Allergan invest heavily in new ophthalmologic products
and couple a diversified range of industrial and academic collaborations with various
licensing agreements for compounds at different stages of clinical development.

A BRIGHAM & WOMENS HOSP. O
'TELOR OPHTHALM PHARMACELT INC — EVE RESFON

<>uva HDSP CLEVELAND-/MASSACHUSETTS GEN HOSP.
NEW ENGLAND EYE CTR

Ohipssachusers eve 1ean

A

o
OHARWD T UNIY CALIF SAN DIEGO
@i siess e 617 Oy o

Qm@w LTHSCI LY & Quancsreony @rcrueocre

NN ASHNGTON LN CALFLOSANGELES () 111 ¢ pocr ank eve cLin

O Q\ND\ANA UNIV SCH MED
BETH ISRAEL BOSTON

Oeve cane san vieeo

QO sonoca nvrose TS
Ohuilts eve wose o
Qrnumonsmneses TR——
® Qriasin Qi Wecrcereron
CALIF PACIFIC MED CTR ® ALLERGAN
= <>UNN APLAND X MONTEFIORE HOSP 1 MED CTR
B st ey e T weven cone

Oumv PEN@
LS EVE HOSP
Wi reseve st IOHNS HOPKINS UNIV

Ounereve cun FREE UNIV
Oanneviose JoMAS SETER DN UMY OsuronocHsnen weo ron wocHsneR cun
oEIDARES seR i €
LR O e
B MED LNV S CAROLINA
v Z2aann ST 501
NIV CALIF DAVIS

Ps TUFTS UKW,
oV SoOTIA EYE CTR
IRGINIA MASON CLIN Whito o e

Cumicmas Otessoores @omioneocrm

O BROOKE ARMY MED CTR

UNI MAGDEBURG PHARMACELT RES CORP D
COHaSP OFTALMOL NUES TR SENORA MEDALLA MLAGROSA Rl

aroneve crm DoschnR cun

'CHARLOTTE EYE EAR NOSE & THROAT HOSP.

Oeve res assnoutes Oyt e eve cane

Figure 11. The Allergan network

With respect to glaucoma, their central presence in the network represented in
Figure 11 is due to their research in products for the reduction of 1OP (Lumigan®,
Alphagan® and Alphagan®P).24 The institutions with which Allergan have
collaborated most often are the University of California Irvine, the University of
Arizona and the Weizmann Institute (Israel). Their centrality scores are 34, 122 and 350
respectively. It is interesting to note the close proximity of Allergan, whose

24 The three drugs are all indicated for the reduction of elevated intraocular pressure (IOP) in patients with
open-angle glaucoma or ocular hypertension. Alphagan®P is a reformulation of Alphagan® to reduce the
incidence of ocular allergies. Lumigan® is used for patients who are either intolerant or weakly responsive to
other 10P-lowering medications.
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headquarters are in California, to the University of California Irvine and a crown of
North American academic partners (which also include the other campuses of the
University of California). A number of connections with large industrial partners can
also be found: note the links, among others, with Acadia, Pharmacia, Bayer and the
joint participation of Allergan, Glaxo, Pharmos, and Alcon in a 1996 research trial
(centre-right side of the map) with major academic ingtitutions including Harvard
University, Beth Israel Hospital and City University of New Y ork.

Alcon is a Nestlé-owned pharmaceutical company specialised in ophthalmic
pharmaceutical, ophthalmic surgical, vision care and optic products. To date, it runs
operations in more than 70 countries and sells in more than 180. It has 12,000
employees worldwide, of which approximately 1000 scientists, engineers and support
staff for research. It cooperates in research with maor general pharmaceutical
companies for the discovery of compounds and develops and tests a limited number of
its own chemicals and devices in collaboration with leading academic centres
(Figure 12). Among its most recent products in the area of glaucoma is lopidine®,
which is an apha agonist to treat the end-stage of disease. Its mgjor partners in
scientific research are the University of lowa, the University of North Texas and the
University of Pennsylvania, ranked 144, 416 and 38 by global centrality score. Again,
we note a pattern of geographical co-location between the firm and one of its most
important partners, since Alcon’s headquarters are in Forth Worth, Texas.
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Figure 12. The Alcon network
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Merck (Figure 13) is a multinational pharmaceutical company that discovers,
develops, manufactures and markets vaccines and medicines in over 20 therapeutic
areas. It figures prominently in both networks. It has approximately 60,000 employees,
manufactures products in 32 facilities and sells products in approximately 150
countries. It conducts research at 11 major research centres in the United States, Europe,
and Japan on a broad range of clinical conditions including high blood pressure, heart
failure, cholesterol levels, osteoporosis, arthritis, glaucoma, ulcers, pneumonia and
hepatitis A and B. In the late 1980's and throughout the 1990's, Merck established a
number of aliances and collaborations under a variety of contractual arrangements.
Among others, it joined forces with Johnson and Johnson for over-the-counter
medicines, with Astra, who later merged with Zeneca, for certain prescription
medicines, with DuPont for basic research, with Pasteur Merieux (now Aventis) for
research and marketing of vaccines in Europe, with Rhone-Poulenc (now also Aventis)
for anima health and poultry genetics and with Schering-Plough for cholesterol
management and respiratory products. To date, they are involved in hundreds of
academic collaborations and significant external arrangements with biotech companies
as well as other large pharmaceutical companies not only for basic research and
compound development, but also for drug delivery technologies and enabling/platform
technologies.
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Figure 13. The Merck cardiology network
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Figure 14. The Merk galucoma network

In the CAD network (Figure 13), Merck researches heavily in cholesterol-lowering
drugs. Its leading new products in the area are Zocor (simvastatin), which reduces the
incidence of coronary heart disease and limits the need for surgical revascularisation
procedures, Zetia which reduces absorption of cholesterol in the digestive tract and
further improve the effectiveness of statins, and Vytorin, which is a combination of the
previous two. Its main partners in interventional cardiology research are among the top
10 centrality-ranked organisations and include the Mayo Clinic & Foundation (7"),
Emory University (where Gruentzig pioneered angioplasty in the US) (10™) and
Cleveland University (2™). In the area of Glaucoma (Figure 14), Merck’s leading
product is Cosopt. Thisis indicated for the reduction of high intraocular pressure (10P)
in patients who are affected by open-angle glaucoma or ocular hypertension and do not
respond satisfactorily to beta-blockers. Although Merck is one of the top firms by
centrality, its main academic partners in glaucoma research are lower-ranked than its
cardiology partners (Amsterdam University (36"), Wheaton Eye Clinic (379") and
Clayton Eye Clinic (160™).

Although the evidence we have gathered at the firm level is anecdotal, we cannot
fail to notice different patterns of collaboration seem to characterise the two research
areas. When the top three partners are considered for each of the firms from the
cardiology network, computation of the global degree centrality scores indicates strong
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association with top players in the field and weak geographical ties. On the contrary, in
relation to glaucoma, the association with top players is weaker while a strong
geographical link appears in two out the three cases between firms and academic
partners being co-located in the same state/country. The contrast is interesting and may
reflect the different stages of understanding and treatment of the diseases. In the case of
interventional cardiology solutions have been found and incentives in applied research
are very strong for those firms that seek opportunities for entry or growth in the
associated market.Z® Research in glaucoma, athough as lively as research in
interventional cardiology (recall that the number of publications in the two fields is
roughly the same and that large firms are present in both), is correlated with fewer
treatment options.28 It seems to be more basic in orientation as the problem of glaucoma
is yet to be clearly defined. Firms may prefer to focus on absorbing information flows
about the state of the art, but for this it appears that they would not need to connect with
institutions of the highest ranking.

Conclusion

In this paper we have applied empirical network analysis to help illuminate the
study of medical innovation. We focused broadly on two medical problem areas —
coronary artery disease and glaucoma — and used large quantities of bibliometric data
from the medical literature to construct respective network structures. We argued that
innovation in medicine is a complex process that unfolds unevenly in time and space;
that research paradigms emerge through these complex processes; and, that we can
perceive these processes partly through the highly dispersed activities of practitioners
connected through the institutional ties of the respective communities. Our main
purpose therefore was to illustrate, analyse and compare the trajectories of scientific
knowledge and medical practice as the respective communities searched for solutions to
these medical problems. We further used the network methods to discuss the distributed
nature of these medical innovation systems by considering the associated geographical
and organisational domains.

Even a casual glance at the two citation networks suggests different patterns of
behaviour in these two medical communities. A detailed analysis of the underlying
literature enabled us to conclude that this reflects substantial differences in the rate and
direction of progress in the relative clinical areas. Given the current understanding of

25 Connection with top players for development and testing of new products is also likely to augment the
chances of product approval by regulatory authorities because of reputation effects.

28 In fact, inspection of the number papers related to clinical trails, which imply applied research, reveals that
over the period 1985-2003 791 documents are found for interventional cardiology as opposed to 415 over a
period longer by 20 years (1965-2003) for glaucoma. The figures for randomised trials, which involve stricter
control and therefore more advanced stages of research, are 96 for the former and only 32 for the latter.
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coronary artery disease, coronary angioplasty presents itself as a viable solution as we
observe afairly coherent trgjectory of research. By contrast, following the debunking of
the intraocular pressure (IOP) pressure paradigm which existing until the 1950s,
glaucoma research has followed several distinctive pathways in search of amore elusive
solution and has resulted in rather dispersed longitudinal citation patterns.

Our understanding of the underlying behaviour of these two communities was
further enhanced by considering other features of the bibliometric data. Medicine
heavily relies on extensive collaborative within and across organisations. In this respect
different patterns have been found to characterise research in the two clinical areas. For
example the size of teams, a joint effect of different cultures and incentives, is
considerably larger in interventional cardiology than in glaucoma research. Moreover,
the density of collaborative efforts differs between the networks. Analyses of the
geographical distribution reveal that agglomeration effects generate a distinctive
polarisation between US states and European countries but this is stronger in the case of
interventional cardiology than in glaucoma. Also the relative intensities of collaborative
research are stronger within the US than across Europe, a clear reflection of the scale of
investment in health technology research in the two regions.

With respect to the organisational composition of the research networks, we showed
the presence of rich ecologies where universities, hospitals, dedicated research institutes
and firms closely interact in the development of medical innovation. These contribute to
the advancement of medical knowledge through distinctive sets of complementary
competencies that need to be effectively coordinated to create, improve and diffuse
innovative health technologies. We showed that more firms are involved in angioplasty
research than in the development of treatments for glaucoma. We interpret this as a
result of better windows of opportunities for profit in the area where scientific
understanding is less ambiguous. Firms aso appear to show different behaviours
between the networks in relation to the choice of collaborative partners with a stronger
preference for research organisations ranked at the top by degree centraity in
cardiology than in glaucoma. We take this as an indication that firms act strategically by
forging the best possible aliances in areas where the rate of progress appears to be
higher and can trandate more easily into technological developments in rapidly
changing product markets.

Inevitably, no single study can exhaust the variety of theoretical and empirical
aspects of the problem of medical innovation and this paper has the limited ambition to
contribute to our understanding of the nature, rate and direction of the growth and
transformation of medical knowledge in the two specific areas. As a consequence, and
although the amount of data we used and elaborated is considerable, its findings should
only be generalised with care.
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We hope to address lack of systematic econometric analysis in future work. On this
occasion we privileged different quantitative methods that could allow us to map and
visualise network structures (of articles, countries and organisations) so that we could
explore in some detail the nature of the connections (epistemic, geographical and
organisational) that comprise the system. It is also clear that inferences on the structure
and evolution of innovation systems made on the basis of scientific publications should
be complemented with data on other research output (patents) and data on market
approvals and actual sales.

Medical research is of enormous significance to society and constitutes a rich field
of investigation for the study of innovation especially as new and urgent issues are
emerging with respect to economic sustainability, social acceptance and access and
ethical conduct of the industry. Further elements of interest in the process of innovation
in medicine stem from the interdependence between the service economy and the
manufacturing economy. Medical progress is crucialy dependent on the interaction
between the clinical delivery of health care services and an international manufacturing
system that develops and delivers new drugs and new devices to enhance the delivery of
local clinical services.

So close is the degree of supply chain interdependence that the medical service
economy and the medical industry economy are effectively one. Secondly, feedback
from clinical practice is essential to advancement in medical science and technology as
in few other sectors of the economy. The highly experimental nature of medical
knowledge resides, in fact, in the tight connection between the provision and use of new
treatments where feedback from intermediate adopters (clinicians) and final
beneficiaries (patients) is essential in shaping the innovation process. Thirdly, the health
sector is atypical example of a system in which public and private organisations closely
co-operate and compete to meet socially recognised needs. However —and it is here that
we believe further research should focus — the question where boundaries should be set
with respect to funding and governance is of concern because of the need to (i) restrain
the escalating growth of health costs — of which innovations constitute a sizeable
proportion; (ii) improve the welfare efficiency and efficacy of innovation processes;
and, (iii) guarantee objective evaluations of new drugs and technologies.

This research was funded under the ESRC'’s Innovative Health Technologies programme co-ordinated by
Professor Andrew Webster. We thank our colleagues Dr Andy McMeekin and Dr Davide Consoli for
alowing us to build upon joint research in developing this paper. We acknowledge valuable comments from
Professor Ben Martin and other participants of the 5 th Triple Helix Conference in Turin and are also deeply
appreciative for the suggestions of the editors and the anonymous referees. All errors and omissions are, of
course, entirely our own.
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