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Prologue 

Breakthrough inventions are generally surrounded by fascinating anecdotes that sometimes 
do not even come close to reality. For example, time machines and drugs that provide 
human beings with eternal live can only be found in movies such as “Back to the Future”
and “In Time”. Then, such breakthroughs are often suggested to be developed in garages 
that serve as laboratories of lonely inventors. Conversely, this dissertation starts by 
outlining the role of established firms for the creation of breakthrough inventions. The goal 
of this dissertation is not to deliver breakthroughs, but to provide some insights on how to 
organize for their creation. Specifically, the focus will be on the characteristics of 
breakthrough inventions and the effects of the interfirm collaboration network on their 
development. 
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Chapter 1 

Introduction 

1.1. Introduction 

The importance of radical innovations is stressed in the field of economics, technology, 
and innovation, when it is argued that the introduction of radical innovations changes the 
economic structure (Nelson & Winter, 1982; Schumpeter, 1947). Radical innovations 
change existing industries and sometimes create new ones as they push forward the 
technological frontier. They serve as the basis for new technological trajectories and are an 
important factor in the process of creative destruction in which existing technologies are 
replaced by new ones (Anderson & Tushman, 1990; Dosi, 1982). The continuous 
introduction of new combinations resembles a process of industrial mutation by incessantly 
destroying old and creating new structures. The following quote from the work of 
Schumpeter (1947) illustrates the importance of particularly radical innovations for 
industries. 

„Der fundamentale Antrieb, der die kapitalistische Maschine in Bewegung setzt 
und hält, kommt von den neuen Konsumgütern, den neuen Produktions- oder 
Transport-methoden, den neuen Märkten, den neuen Formen der industriellen 
Organisation, welche die kapitalistische Unternehmung schaffen. ... Die 
Durchführung von Neuen Kombinationen illustriert den gleichen Prozeß einer 
industriellen Mutation, der unauf-hörlich die Wirtschaftsstruktur von innen heraus 
revolutioniert, unaufhörlich die alte Struktur zerstört und unaufhörlich eine neue 
schafft. Dieser Prozeß der schöpferischen Zerstörung ist das für den Kapitalismus 
wesentliche Faktum.“ 
(Schumpeter, 1947, p. 137) 

Due to the disruptive and reshaping character of radical innovations regarding industry 
structures, firms are continuously affected when new radical innovations are introduced. 
Radical innovations do not drive competition because of a cost or quality advantage 
compared to existing technologies. Radical innovations drive competition because they can 
replace existing technologies and make existing products obsolete. This means that firms 
are not affected at their profit margins by the introduction of radical innovations, but at 
their very foundations. Therefore, creators of radical innovations can benefit from an 
increased competitive advantage over other firms. 
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„In der kapitalistischen Wirklichkeit zählt jedoch ... die Konkurrenz der neuen 
Ware, der neuen Technik, der neuen Versorgungsquelle, des neuen 
Organisationstyp (zum Beispiel der größtdimensionierten Unternehmungseinheit) – 
jene Konkurrenz, die über einen entscheidenden Kosten- oder Qualitätsvorteil 
gebietet und die bestehenden Firmen nicht an den Profit- und Produktionsgrenzen, 
sondern in ihren Grundlagen, ihrem eigentlichen Lebensmarkt trifft.“ 
(Schumpeter, 1947, p. 140) 

Hence, both industry structures and firms are significantly affected by the introduction of 
radical innovations. Scholars have studied the phenomenon of radical innovation 
extensively, because of their importance and fascinating anecdotes surrounding them. 
However, we still know very little about the firm’s external antecedents of the creation of 
radical innovations. Some studies were concerned with the investigation of certain 
characteristics of radical innovations (Dahlin & Behrens, 2005; Nemet & Johnson, 2012; 
Phene, Fladmoe-Lindquist, & Marsh, 2006; Schoenmakers & Duysters, 2010), and other 
scholars studied the role of users and inventors for the creation of radical innovations 
(Fleming, Mingo, & Chen, 2007; Lettl, Herstatt, & Gemuenden, 2006; Lettl, 2007; Singh 
& Fleming, 2009). Other researchers focused on corporate culture and internal firm 
strategies for the development of radical innovations (Ahuja & Lampert, 2001; Chandy & 
Tellis, 1998; Tellis, Prabhu, & Chandy, 2009; Zhou, Kin, & Tse, 2005). In contrast to the 
role of inventors and internal firm strategies, the role of external collaboration for creating 
radical innovation remains understudied, despite the importance of external collaboration 
for innovation in general (Chesbrough, 2003; Sampson, 2007). 

Most non-scientific anecdotes about radical innovations mention the moment of ‘eureka’
in the sometimes lost and forgotten laboratories of inventors. Then the creation of radical 
innovations can be thought of as random accidental fortunes created by lone inventors. The 
movie “Back to the future” enhances the image of the lone inventor with Doc Brown as the 
creator of a time machine. In reality, however, men like Alexander Graham Bell 
(Telephone), Thomas Edison (Light bulb), and Henry Ford (Automobile) were surrounded 
with ideas and people, who enabled them to create or become associated with their radical 
innovation (Hargadon, 2003). Research has shown that lone inventors are less likely to 
create radical innovations, and that collaboration positively affects the likelihood for the 
creation of radical innovations (Singh & Fleming, 2009). That is, collaboration increases 
the potential for the creation of radical innovations because of the following three 
arguments. First, through collaboration a broader set of knowledge and ideas becomes 
available for creative recombination. This collaborative creativity is then more likely to 
result in the creation of radical innovations. Second, collaboration provides more careful 
selection processes on which innovation projects to pursuit and which to abandon. 
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Thereby, collaborating actors are better able to both generate and assess the ideas that 
could be potential opportunities for radical innovation, so that the likelihood of very poor 
innovative outcomes is reduced. Finally, innovations that were created in collaboration – 
i.e. by multiple actors - are more likely to be used subsequently by these actors. Then, 
these innovations are more likely to serve as a basis for future innovations, and therefore 
these innovations are more likely to become radical innovations (in terms of impact). 

In conjunction with the legend of the lone inventor, the creation of radical innovations on 
the firm level is often associated with the founding of new firms, whereas the role of 
established firms is underestimated (Jiang, Tan, & Thursby, 2010; Methé, Swaminathan, & 
Mitchell, 1996). This distinction between the role of new entrants and established firms 
regarding the creation of radical innovations corresponds to the debate of the Schumpeter 
Mark I and Mark II models (Andersen, 2012). Some studies show support for new entrants 
as the main source for radical innovation as suggested by Schumpeter Mark I (Dolfsma & 
van der Panne, 2008; Fontana, Nuvolari, Shimizu, & Vezzulli, 2012), whereas other 
studies show that established firms play a more important role (Ahuja & Lampert, 2001; 
Castellacci & Zheng, 2010; Srivastava & Gnyawali, 2011). Depending on the industrial 
pattern of technological change, both Schumpeter Mark I and Mark II models have 
received support in the literature (Breschi, Malerba, & Orsenigo, 2000). Notwithstanding 
the role of new entrants, research has shown that the role of established firms in the 
creation of radical innovation is far greater than generally acknowledged in most anecdotes 
about radical innovations (Chandy & Tellis, 2000; Jiang et al., 2010; Methé et al., 1996). 

This dissertation is based on two main premises. First, radical innovations are generally not 
created by actors in isolation as the outcome of random accidents, but they are more likely 
to be created by collaborating actors. Second, established firms play an important role in 
the creation of radical innovations besides new startup companies. Accordingly, this 
dissertation focuses on the role of external collaboration for the creation of radical 
innovation in the context of established firms. 

In previous studies, internal firm antecedents such as corporate culture and strategies for 
the creation of radical innovations have already been focused upon (Ahuja & Lampert, 
2001; Tellis et al., 2009), but the role of external collaboration has remained 
underexplored. The work on intra-organizational antecedents for radical innovation 
discusses corporate entrepreneurship and the importance of dynamic capabilities for the 
development of radical innovations (Stopford & Baden-Fuller, 1994; Teece, Pisano, & 
Shuen, 1997; Zahra, Sapienza, & Davidsson, 2006). As well, the organizational structure 
has been focused upon in relation to radical innovations (O’Connor & DeMartino, 2006). 
Above and beyond internal firm antecedents, some literature has discussed the role of 
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external collaboration and has demonstrated the significance of network partners for the 
innovative performance of firms in general (e.g. Faems, Van Looy, & Debackere, 2005; 
Sampson, 2007; Schilling & Phelps, 2007). Despite the role of external collaboration for 
innovation in general, the role of external partners has rarely been subject of inquiry 
regarding the creation of radical innovations. However, given the importance of 
technological bridging and creative recombination for the creation of radical innovations, 
external collaboration may be even more important for radical innovation than for 
innovation in general. Hence, established firms play a more important role in the creation 
of radical innovations as compared to lone inventors, but their interfirm relationships have 
been ignored so far. My dissertation will contribute by answering the question “what the 
technological antecedents are for radical innovation and specifically what the role of 
external collaboration is for the creation and impact of radical innovations”. 

1.2. Research question 

The overall research question in this dissertation is the following: 

Overall research question: What are the characteristics and antecedents of 
radical innovations and what role does external 
collaboration play in their creation by established 
firms? 

In order to provide an answer to this question, three sub questions are discussed below. All 
three sub questions are in line with studying the characteristics and antecedents for the 
creation of radical innovation. First, this dissertation focuses on the characteristics of 
innovations by considering their level of recombination and their subsequent technological 
impact. Then, recombination is considered as the process through which inventions and 
innovations are created (Schumpeter, 1934). More specifically, the question answered is 
which types of new combinations yield the highest impact level? Second, the antecedents 
for the creation of breakthroughs are determined by taking into account the social network 
perspective and the extended resource based view. In particular, the effect of a firm’s 
position in the network and the effects of partner attributes on the creation of 
breakthroughs are compared. Third, the impact of innovations is split up in local and global 
impact, and their possible antecedents, which are related to a focal firm’s position in the 
network structure, are investigated. Before going into detail on the antecedents of radical 
innovations in the context of established firms, the concept and dimensions of radical 
innovations will be further elaborated. 
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1.3. Radical innovations 

1.3.1. Dimensions of radical innovations 

In the literature on innovation, there is a plethora of terms for many different kinds of 
innovations (Garcia & Calantone, 2002). Among others, a surplus of concepts has been 
introduced to describe innovations of a radical nature. Essentially, the terms radical - 
(Dahlin & Behrens, 2005), breakthrough - (Ahuja & Lampert, 2001; Phene et al., 2006), 
disruptive - (Christensen & Bower, 1996), and discontinuous innovations (Anderson & 
Tushman, 1990) - as well as innovations that are new to the industry or new to the world 
(Tidd & Bessant, 2009) - have been used in order to grasp the concept of radical 
innovations. Although there seems to be a general intuitive understanding about the 
dichotomy between incremental and radical innovations, the presence of multiple terms to 
describe the radical side of innovation calls for clarification regarding the underlying 
dimensions of innovation radicalness. In particular, we will argue that this dichotomy is 
underspecified as it combines two distinct dimensions of innovation radicalness. 

The first dimension of radicalness refers to the novelty of an innovation. That is, scholars 
have sometimes based the difference between an incremental and radical innovation on the 
degree of novelty embodied in the innovation (Dewar & Dutton, 1986; Henderson & 
Clark, 1990). In line with this dimension, a typology has been made along three levels, 
which is innovation as new to the firm (Gilsing, Nooteboom, Vanhaverbeke, Duysters, & 
van den Oord, 2008; Phelps, 2010) new to the industry, or new to the world (Ahuja & 
Lampert, 2001; Laursen & Salter, 2006). These definitions refer to the level of novelty 
embodied in an innovation as it is perceived by one or multiple actors (Dewar & Dutton, 
1986). Not only is the novelty of an innovation dependent on the perspective of actors, but 
the novelty of innovations also changes over time and geographical places. For example, 
the use of recombinant DNA for finding therapies targeted at specific diseases was once 
quite novel, but today is common practice in the R&D laboratories of many 
biopharmaceutical companies. These differences in perceptions make it difficult to obtain 
an objective evaluation of the novelty of innovations. In other words, these differences 
make it hard to determine high or low levels of novelty. Accordingly, scholars have dealt 
with this issue of perception by conceptualizing innovations as new combinations of prior 
knowledge. Then, the incremental-radical distinction can be made regarding level of 
recombination of innovations, which is based on the combination of prior knowledge in 
terms of technological origins (Dahlin & Behrens, 2005; Fleming, 2001; Nemet & 
Johnson, 2012; Phene et al., 2006; Schoenmakers & Duysters, 2010). On the one hand, 
radical innovations would be associated with the use of prior knowledge that comes from 
different technological domains. On the other hand, incremental innovations would be 
associated with the use of prior knowledge that comes from one technological domain. 
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From the actors perspective, this level of recombination refers to differences in the 
technological and the fundamentally underlying cognitive proximity between different 
sources of knowledge (Knoben & Oerlemans, 2006; Nooteboom, Vanhaverbeke, Duysters, 
Gilsing, & van den Oord, 2007). On the technology level, there are numerous variations of 
innovations with different levels of recombination in between incremental and radical 
innovations. Hence, the terms incremental and radical refer to the two extremes on a 
theoretical continuum of recombination, which is used as a proxy to evaluate the level of 
novelty embedded in an innovation. 

The (technological) impact of innovations is often referred to as the second dimension of 
radicalness as a differentiation between incremental and radical innovations. For example, 
the term breakthrough gives an indication of the future impact of an innovation (Ahuja & 
Lampert, 2001; Phene et al., 2006). Also disruptive and discontinuous innovations are 
characterized by their impact in terms of dramatically advancing a sectors’ price and 
performance front line (Anderson & Tushman, 1990; Christensen & Bower, 1996). 
Essentially, the terms breakthrough, disruptive and discontinuous innovations seem to 
point more toward the consequences of innovations – i.e. the high end of the impact 
dimension underlying the incremental-radical continuum. Also regarding the impact 
dimension, there is no clear level to delineate which innovations have high or low impact. 
Moreover, different actors will differ in their perception of the impact of the same 
innovation. Because of this, scholars have tried to come up with a way to objectively 
discern between low and high impact innovations. Specifically, patents have been used in 
numerous studies as a proxy for innovation, and forward citations are a widespread means 
to investigate the impact of innovations. Furthermore, patents and forward citations 
correlate quite high with other measures for innovation such as new product 
announcements (Hagedoorn & Cloodt, 2003). Finally, forward citations of patents have 
also been used to determine breakthrough innovations as one of the innovation concepts 
referring to the impact dimension of innovation (Ahuja & Lampert, 2001; Phene et al., 
2006). 

The discussion of both dimensions shows that the distinction between radical and 
incremental innovations is not as clear-cut as the dichotomy suggests. Instead, there is a 
continuum of innovation radicalness that ranges from incremental to radical both on the 
recombination and impact dimension. Despite the common intuition of the incremental-
radical distinction, this distinction is not as straightforward when both dimensions of 
radicalness are taken into account. The young Schumpeter (Schumpeter, 1934) stressed the 
role of recombination, whereas the older Schumpeter (Schumpeter, 1947) introduces the 
process of creative destruction – which refers more to the impact dimension. However, the 
relationship between these two sides of innovation has not been investigated yet. This 
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raises the question on the relationship between the level of recombination and impact. The 
dichotomy of incremental and radical innovation suggests a positive linear relationship 
with low levels of recombination resulting in low impact and high levels of recombination 
resulting in high impact. Nevertheless, there are many so-called adjacent innovations in 
between low and high levels of recombination, which are just different configurations of 
prior knowledge components with different distances between them. This raises the first 
sub question this dissertation tries to answer, which is about unraveling the concept of 
radical innovations and investigating the relationship between recombination and impact. 
Furthermore, which specific types of new combinations are more likely to result in higher 
levels of technological impact will be studied. Answering this first question is important as 
it informs us about the concept of radical innovations and provides input for the subsequent 
studies on the role of external collaboration for the creation of radical innovations. 

Sub question one:  What is the relationship between recombination and impact? 

1.3.2. Technology bridging through external collaboration 

Being informed about the relationship between recombination and impact and which new 
combinations are more likely to gain impact, will have implications for the role of external 
collaboration and the creation of breakthroughs. According to Hargadon (2003), the 
development of breakthroughs requires technology bridging, which is the assimilation and 
recombination of knowledge from different technological domains. In individual 
innovations on the technology level, this technology bridging can be observed by 
considering the technological components and their origins. On the firm level, this 
dissertation questions how firms can organize for technology bridging? 

First, only a few firms are continuously bridging technologies across multiple 
technological domains. The classical example is Edison’s Menlo Park Laboratory which 
dedicated its existence to the development of a small innovation every ten days and a 
radical innovation every six months (Hargadon, 2003). Thomas Edison was using 
technology bridging in the sense that he took the best people, ideas and objects from 
different industries and recombined them into promising innovations. A modern example 
of a firm that exercises technology bridging is IDEO, a product design firm that serves 
clients from more than 40 industries. By having access to many different industries, there 
is a large potential for IDEO to gain knowledge from one industry and transform it into a 
solution that serves firms in another industry. Many other consultancy firms use the same 
strategy by serving client companies from many different industries (Hargadon & Sutton, 
1997). Second, next to dedicated technology bridging firms, several other large 
corporations set up special departments or have invested in external ventures that 
concentrate on innovation through the recombination of knowledge from different worlds 
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(Dushnitsky & Lenox, 2005). The difficulty for these corporations concerns the transfer of 
the innovations developed by these external departments to the corporate parent (O’Connor 
& DeMartino, 2006). Third, most firms use the wait and see strategy when opportunities 
for the creation of breakthroughs are concerned. These firms develop the ability to 
distinguish and get hold of one-time opportunities for technology bridging. These 
opportunities, of transmitting the technology from one industry to another, pop up mostly 
unexpectedly and often disappear quickly. At other times, an innovation is developed for 
one market, but becomes valuable in another. An example of recognizing such a one-time 
opportunity for technology bridging is the development of Viagra by Pfizer. Viagra was 
initially used for the treatment of angina, but showed unexpected results, so that it was 
soon recognized as valuable for a different market. 

Irrespective of how organizations obtain knowledge from different domains, either 
continuously, by means of a dedicated department, or serendipitously, the chances of 
creating radical innovations are enhanced through technology bridging. Organizations can 
exploit technology bridging internally between different departments, and also externally 
with other organizations. The role of interfirm collaboration, as a means to have access to 
external knowledge that can be used to bridge technologies for the creation of 
breakthroughs, has rarely been paid attention to in the literature as of yet. 

1.3.3. Interfirm collaboration: Attracting knowledge and information 

In order to enhance the chances for technology bridging, firms need to gain access to 
multiple technological domains. Collaborative partnerships with other firms enable a firm 
to attract non-redundant knowledge and information from these partners. Accordingly, 
innovation is not only carried out within firm boundaries, but increasingly takes place 
between firms (Ahuja, 2000a; Chesbrough, 2003; Hagedoorn & Schakenraad, 1994; 
Phelps, Heidl, & Wadhwa, 2012). Strategic alliances and joint ventures have proven to 
create value through interorganizational learning from knowledge flows between two or 
multiple partners (Anand & Khanna, 2000; Gomes-Casseres, Hagedoorn, & Jaffe, 2006; 
Mowery, Oxley, & Silverman, 1996). That is, through interfirm collaboration, firms gain 
access to the knowledge bases of their partners and can be selective about which 
knowledge to integrate and assimilate (Cowan, Jonard, & Zimmermann, 2007; Grant & 
Baden-Fuller, 2004). There are positive effects of interfirm learning for research joint 
ventures in particular (Anand & Khanna, 2000), but also non-equity based R&D alliances 
positively affect firm performance (Hagedoorn & Schakenraad, 1994). Furthermore, 
learning between alliance partners is especially valuable when their knowledge bases are 
valuable, rare and difficult to imitate. Then, the alliance provides both firms with an 
advantage in terms of the potential to create novelty value through unique recombination 
(Dyer & Singh, 1998). Consequently, these firms are jointly able to recombine their 
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specialized knowledge that other firms do not have access to. Besides direct access to the 
knowledge of alliance partners, knowledge spillovers and in particular information 
overflows from indirect partners and the wider network can be achieved through interfirm 
collaboration (Ahuja, 2000a). Hence, alliances and joint ventures enable access to external 
knowledge and provide opportunities for the creation of valuable new combinations that 
can lead to breakthroughs. 

Two parallel perspectives exist on the acquisition of knowledge and information through 
external collaboration. On the one hand, there is a social network perspective with a focus 
on the network structure. On the other hand, there is the extended resource based view, 
which is related to the literature on alliance portfolios and individual partner attributes. 
Both perspectives provide different ideas about how firms can gain access to and attract 
external knowledge. 

The social network or structural perspective discusses the importance of technology 
bridging for innovation in terms of how external knowledge is reached. It argues that 
antecedents of breakthroughs, related to the position of a firm in the network structure, 
increase a firm’s chances for bridging technologies. For example, positive effects are found 
from the number of strategic alliances and joint ventures on innovation in general (Ahuja, 
2000a). Also, the network position of a firm in terms of its betweenness centrality has been 
shown to affect the innovative outcomes of a firm (Schilling & Phelps, 2007; Whittington, 
Owen-Smith, & Powell, 2009). The argument is that firms, which are in-between many 
pairs of other firms, may benefit from their position in terms of their innovative 
performance.  

The extended resource based view argues that it is important who and which 
external knowledge is reached by focusing on partner attributes. In particular, the selection 
of partners with specific external knowledge characteristics is an important antecedent of 
innovation (Dyer & Singh, 1998; Lavie, 2006). For example, the quality of, diversity of, 
and complementarities between external partners and their knowledge play an important 
role in the selection of partners and in the subsequent creation of innovations (Baum, 
Cowan, & Jonard, 2010; Cowan et al., 2007; Sampson, 2007; Srivastava & Gnyawali, 
2011). Results from several studies building on the extended resource based view are 
mixed when it comes to the diversity of external partners and their knowledge bases. 
Organizational learning between big pharmaceutical companies and biotech firms was 
found to be larger when knowledge bases were increasingly similar (Lane & Lubatkin, 
1998). Yet, the diversity of the external knowledge, to which access can be achieved 
through interfirm partnerships, is curvilinear related to the innovative performance of firms 
(Sampson, 2007). Both inverted-U and positive effects were found between external 
knowledge diversity and innovation that is new to the firm (Gilsing et al., 2008; Phelps, 
2010). Recently, scholars showed a positive effect of alliance portfolio diversity on 
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breakthroughs moderated by internal knowledge diversity (Srivastava & Gnyawali, 2011). 
These earlier studies show that both factors related to a firm’s position in the network 
structure as well as partner attributes play an important role in technology bridging, but 
have not been combined in models explaining the creation of breakthroughs. 

Despite the importance of external collaboration for innovation in general, the social 
network perspective and the extended resource based view seem to have ignored each 
other. Therefore, the importance of both perspectives for the creation of breakthroughs will 
be assessed. On the one side, structuralists state that it is important how external 
knowledge is reached while ignoring the extended resource based view. Then, the 
structural perspective argues that central firms bridge unconnected partners and therefore 
benefit from having access to non-redundant knowledge. The structural perspective 
emphasizes the benefits from certain network positions for gaining access to external 
knowledge, which is reflected by the concept of how external knowledge is reached. On 
the other side, proponents of the extended resource based view and alliance portfolios 
proclaim that it is important who is reached in terms of external knowledge while ignoring 
the network structure. For example, the extended resource based view argues that the 
diversity of external knowledge matters for innovation while paying no attention to a 
firm’s position in the network. Then, the characteristics of external partners and their 
knowledge are focused upon by the idea of who is reached. Conclusively, both 
perspectives use related arguments, but have different ideas about the role of technological 
bridging as having access to external knowledge and information for the creation of 
breakthroughs. The second sub question comes forth out of the joint discussion of both 
perspectives and compares the importance of a firm’s network position and specific partner 
attributes. Put differently, the ideas of how you reach and who you reach are evaluated 
against each other as important network antecedents of the creation of breakthroughs. 

Sub question two:  What is the role of a firm’s network position and specific 
partner attributes for the creation of breakthroughs?

1.3.4. Interfirm collaboration: Dispersing knowledge and information 

Besides the importance of interfirm collaboration for attracting knowledge and information 
from partnering firms, these partnerships are also important for the impact of innovations 
after these innovations have been created. Hargadon (2003, p.92) puts this in the following 
words: “… building new worlds does not just help breakthrough innovation, it’s what 
makes them breakthroughs in the first place.” In other words, external collaboration as a 
means to bridge technologies is not only necessary to create new innovations, but also for 
building communities around these innovations. These communities will contribute to the 
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subsequent impact of these innovations when these innovations form a break with past and 
current technologies. Thus, also for the diffusion and impact of innovations, the network of 
strategic alliances and joint ventures surrounding firms is important for the following two 
reasons. First, alliance partners help to crystal out and enhance the quality of the ideas, 
which is often necessary to transform promising ideas into feasible innovations. Second, 
over time, the network of alliance partners enables the creation of a community, in which 
the young and mostly underdeveloped innovations are further developed and build upon by 
these collaborating firms. Once innovations are recombined in subsequent innovations, 
they gain impact and may evolve into breakthroughs. The separation of attracting 
knowledge from external partners for recombination, e.g. the creation of innovation, and 
dispersing knowledge to external partners for making the innovation become impactful has 
been investigated on the inventor level of analysis (Fleming et al., 2007). The composition 
of the local network surrounding inventors was found to be important for the creation of 
innovations and their use in subsequent creation of innovations. That is, cohesion in the 
local network surrounding the inventors was negatively associated with the creation of new 
combinations, and positively with their subsequent use. Until now, similar studies that 
focus on network structural properties and the dispersion of knowledge and information 
about innovations have not been conducted on the firm level. As the role of interfirm 
collaboration is widely recognized for the creation of innovations, there is a void in the 
literature that relates the interfirm network with the impact of innovations. 

Next, most studies aggregate the impact of innovations by considering its subsequent use 
irrespective of by whom these innovations are used. Accordingly, such aggregations of 
impact may be conflated with a firm that is reusing its own innovations over and over. 
Furthermore, impact of innovations can be split up in local and global impact as a means to 
discern which other firms adopt innovations from the focal firm. Then, the alliance 
network is used to distinguish between local impact, as the extent to which alliance 
partners reuse a firm’s innovations, and global impact, as the extent to which non-partners 
adopt a firm’s innovations. In terms of patent citations as a proxy for the technological 
impact of innovations, we separate impact with self-citations from impact without self-
citations. Furthermore, we differentiate between citations from alliance partners and 
citations from non-partners. Again, the role of external collaboration will be investigated, 
although not regarding the creation of radical innovations, but regarding the impact of 
innovations. Conclusively, the role of R&D alliances and networks, as a means to disperse 
knowledge and information, in the subsequent use and impact of innovations is addressed 
in the third sub question. 

Sub question three: What is the role of external collaboration for the local and 
global impact of inventions?
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1.4. Research approach and data collection 

Although the methodological parts of the studies in this dissertation are extensively 
described, this section covers some important aspects common to all three studies. The 
three studies are based on a large scale database project in which data on alliances, 
financial statements, and patents have been combined. First, the databases from the three 
different data sources have been downloaded through electronic web interfaces. Second, 
the data have been transformed into a SQL format, so that all data could be handled on a 
dedicated server, on which the three databases have been uploaded. Third, the data for each 
study have been separately collected from these three databases by matching the data 
across these databases. Next, the industry setting that has been used to answer the 
previously discussed research question(s) is described. Thereafter, a short description is 
provided about the separate data sources that have been used in this dissertation. 

1.4.1. The industry setting: The biopharmaceutical industry 

The empirical setting of the studies that have been conducted for this dissertation is the 
biopharmaceutical industry. Biotechnology focuses on the production of substances based 
on a set of technologies that use cells and genes from living organisms. Combined with 
pharmaceuticals, the industry focuses on the development of drugs and therapies by 
changing the building blocks of organisms. The development of drugs and therapies by 
biopharmaceutical companies makes this industry important for other industries, the wider 
economy and society as a whole. Besides and perhaps also due to its importance the 
biopharmaceutical industry is very large in monetary terms. For example, the R&D 
expenditures by biotech and pharmaceutical companies have increased from $6.54 billion 
in 1988 to $26.03 billion in 2000. Also, the amount of capital funding in the 
biopharmaceutical industry is quite large ranging from $395.5 million in 1988 to more than 
$1 billion in 1998 and 1999 (Powell, White, Koput, & Owen-Smith, 2005). The 
biopharmaceutical industry has reached collective revenues of around $63 billion in 2005 
and still shows much commercial potential despite almost four decades of R&D and large 
capital investments thus far (Ebers & Powell, 2007). More recent numbers still 
demonstrate the size of the industry with collective revenues of almost $90 billion in 2012 
and $25.3 billion on R&D expenditures (Ernst & Young, 2013). 

Before the emergence of biotechnology, big pharmaceutical companies used to concentrate 
on so-called blockbuster drugs, which were mainly developed through trial-and-error 
learning. The discovery of such drugs was focused upon, because successful blockbusters 
would yield around several billions of dollars in terms of revenues. During the 1980s, new 
biotechnology firms demonstrated how to use biotechnology in the pursuit of finding 
specific cures for specific diseases by investigating and comparing the DNA structure of 
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sick and healthy cells (Gambardella, 1995). Then, two main events in the history of the 
industry have changed the way drugs are discovered. First, the discovery of the double 
helix structure of DNA by Crick and Watson in 1953 has provided researchers with a 
different perspective on the functioning and composition of the human body. Second, the 
discovery of recombinant DNA by Cohen and Boyer in 1973 has enabled researchers to 
take DNA apart and make genetic transformations of DNA segments from different origins 
in an environment outside a cell or organism (Phene et al., 2006; Robbins-Roth, 2000). 
This has opened up many different ways for the discovery of new drugs and therapies. One 
example from the industry is the importance of combinatory chemistry, which synthesizes 
endless combinations of cells, molecules and (parts of) DNA strands. Specifically for drug 
discovery, multiple targets (e.g. infected cells) can be separated by means of recombinant 
DNA, and combined with numerous drug compounds in order to test which drugs can 
block or activate the target (Dougherty & Dunne, 2011). 

There are several more reasons why the biopharmaceutical industry is attractive for the 
study of radical innovation. First, studying the biopharmaceutical industry has been 
referred to as a multi-industry study, because biotechnology has applications in several 
other fields such as agriculture and chemicals (Folta, 1998). Therefore, the external 
validity of the findings from this dissertation is increased by choosing the empirical 
context of the biopharmaceutical industry. Second, during the 1980s and 1990s, the 
biopharmaceutical industry has shown a growing number of patent applications in the 
United States, which indicates the innovative activities in the industry. Specifically, the 
biopharmaceutical industry has undergone rapid technological development and most 
inventions have been and are patented in this industry (Gambardella, 1995; Hall, Jaffe, & 
Trajtenberg, 2001). Moreover, it has been shown that patent applications correlate 
considerably with new product announcements (Hagedoorn & Cloodt, 2003). Third, the 
biopharmaceutical industry is among the industries with most alliances and joint ventures 
between firms (Hagedoorn, 2002). The main reasons for biopharmaceutical firms to 
engage in collaborative partnerships are the technological complementarities between the 
knowledge bases of both partners and the shortening of the innovation time span (Baum et 
al., 2010; Cowan et al., 2007; Hagedoorn, 1993). Thus, alliances in high technology 
industries are often used as means to gain access to new knowledge and information. High 
investment costs and high levels of uncertainty, which are associated with R&D projects in 
the pursuit for breakthroughs, withhold firms from carrying out these R&D projects solely 
internally (Letterie, Hagedoorn, van Kranenburg, & Palm, 2008). One study has indicated 
that some level of similarity between knowledge bases of firms contributed to 
interorganizational learning, especially with regard to the partnerships between big 
pharmaceutical companies and smaller biotech firms (Lane & Lubatkin, 1998). Other 
studies have found that increased diversity in alliance portfolios is beneficial for 
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organizational learning (Baum, Calabrese, & Silverman, 2000; Powell, Koput, & Smith-
Doerr, 1996). In any way, it has been shown that in the biopharmaceutical industry, the 
success of a firm is highly dependent upon the access to external knowledge resources 
(Powell et al., 1996) and that the access to these resources depends on a firm’s prior 
relationships (Ahuja, 2000b; Gulati, 1995; Walker, Kogut, & Shan, 1997). Hence, 
interorganizational relationships and networks play an important role in the 
biopharmaceutical industry, which renders it suitable for the study of the network 
antecedents of radical innovation. 

In figure 1 below, the number of patent applications and the number of R&D joint ventures 
and alliances in the biopharmaceutical industry from 1985 until 2010 are shown. Patents 
have been identified through their three digit patent classes 424, 435, 436, 514, 530, and 
800. Alliances and joint ventures have been retrieved by selecting all R&D alliances from 
biopharmaceutical corporations corresponding to the SIC (standard industry classification) 
codes 2833, 2834, 2835, 2836, and 8731. The axis on the left indicates the number of 
patent applications, ranging from approximately 4.000 in 1985 until more than 16.000 in 
1995. The reason of the drop in patent applications after 2000 is the time lag between the 
application and grant year of patents, which is on average two years. Our data only 
contains information about patents that have been granted before 2007. Hence, patents that 
have been applied for between 2000 and 2006 may not have been granted by 2006 and do 
not appear in our data.  

Figure 1 Biopharmaceutical patent applications and alliances from 1985-20101

1 Source: NBER patent database and SDC Platinum alliance database. 
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The axis on the right indicates the number of R&D partnerships initiated in that particular 
year, which ranges from a little less than 100 alliances and joint ventures in 2001 up till 
over 500 new partnerships initiated in 1994. The data on alliances have been retrieved 
from SDC, which shows a sparse number of records before 1990 (Anand & Khanna, 2000; 
Schilling, 2009). The alliance data seems quite volatile, while the peak in alliance activity 
in 1995 has been repeatedly shown by other scholars (Hagedoorn, 2002; Schilling, 2009). 
A possible explanation for this peak is the initiation of the Advanced Technology Program 
by the U.S. government for the development of high-risk enabling technologies since 1990 
with most support given in the years 1994 and 1995 (Hagedoorn, Link, & Vonortas, 2000). 
A possible suggestion that may explain the decreasing number of alliances after 2008 is the 
financial crisis, so that firms may tend to be more inward focused. The low number of 
newly initiated alliances in 2001 is in line with overall SDC data, but no specific 
explanation for this can be offered (Schilling, 2009). 

1.4.2. Patents 

All measures for characteristics of inventions, breakthroughs, and technological impact in 
this dissertation are based on patent data from the United States Patent Office. Although 
some studies have used patent data from other patent offices (Breschi & Catalini, 2010; 
Giuri et al., 2007; Schoenmakers & Duysters, 2010), only patents that have been applied 
for at the United States patent office are taken into account in this dissertation. Namely, 
studies have shown that technology driven firms tend to simultaneously apply for patents 
at multiple patent offices (Stuart & Podolny, 1996), although patenting systems differ in 
their application procedures. Specifically, important patents are generally also applied for 
by foreign firms at the United States Patent Office (Ahuja & Katila, 2001). Thus, for 
reasons of consistency, reliability, and comparability, only patents applied for at the 
USPTO are taken into account. Furthermore, the NBER project provided the matching 
tables for assigning USPTO patents to publicly traded firms that are included in the 
Compustat database from WRDS (Hall et al., 2001). 

The use of patents in scientific studies on innovation and invention is well 
acknowledged and commonly accepted. One of the advantages of using patents as proxy 
for innovation and invention is the fact that the data are well documented and also contains 
ample information on patent citations. Furthermore the data covers a long period from 
1963 until 2007, through the NBER patent data projects2. Finally, patents are especially 
valuable for studies in high-tech industries such as the biopharmaceutical industry, in 
which patents are often used as a means for intellectual property protection. Although, 
equating patents with innovation is well accepted (Hagedoorn & Cloodt, 2003), other 

2 The first NBER patent data project was carried out by Hall, Jaffe, & Trajtenberg among others. 
The data was further updated in a follow-up project by Cockburn, Hall, Bessen, and Thoma. 
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scholars have been more conservative and link patents with (technological) inventions 
(Ahuja & Lampert, 2001). The same is done in the following chapters where patents are 
deemed equivalent with inventions as the discovery of a technological idea, product or 
process, whereas an innovation is often described as a commercialized outcome of the 
invention. Hence, the conceptual and empirical difference between inventions and 
innovation is acknowledged and this dissertation does not aim to discuss whether patents 
resemble innovations or inventions. Conservatively, the latter concept was chosen as 
approximated by patents. 

1.4.3. Alliances 

The data on interfirm networks in this dissertation are based on detailed information about 
alliances and joint ventures from SDC Platinum of Thomson Reuters. These data have 
regularly been used in other academic studies on alliances and joint ventures (Schilling, 
2009). SDC assembles the data from the U. S. Securities and Exchange Commission filings 
and a couple of other sources. There are multiple benefits of using SDC data for the 
investigation of interfirm relationships. First, the data have shown to be very reliable for 
the study of strategic alliances when comparing the data with other data sources such as the 
MERIT-CATI and RECAP database (Schilling, 2009). Especially, in the 
biopharmaceutical industry the trends across a variety of databases on alliances and joint 
ventures are very similar. The data covers a very wide range of cooperative agreements 
such as joint ventures, R&D alliances, marketing alliances, and licensing agreements. 
Although the first alliances appear in the data from 1985, more alliances are reported from 
1990 onwards (Anand & Khanna, 2000). In total, the database includes information about 
more than 130.000 alliances and joint ventures between 1985 and 2011 and is therefore 
generally regarded as a standard in research on interfirm collaboration. The main 
advantage of SDC is that it covers over 200 variables with standard industry classification 
codes for both alliances and partners. Starting dates are often the same as the 
announcement dates of the alliances, but sometimes the announcement dates are estimated 
and the starting dates are missing. Because these records may resemble alliances that did 
not materialize, these alliances were not included in the studies in this dissertation 
(Sampson, 2007). Furthermore, the SDC data are not complete regarding the information 
about when alliances were terminated. Accordingly, we use a similar approach as in other 
studies and assume the duration of an alliance to be five years (Gulati & Gargiulo, 1999; 
Rosenkopf & Padula, 2008). Other scholars have used three-year moving windows for the 
alliance duration, which is used here as robustness check in the different studies. Finally, 
only R&D alliances and joint ventures are included – i.e. marketing alliances and licensing 
agreements are excluded – in constructing the interfirm networks, which is generally done 
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in research where the dependent variable is related to the concept of innovation or 
invention (Ahuja & Lampert, 2001; Phelps, 2010; Sampson, 2007). 

1.5. Structure of the dissertation 

This dissertation is structured in the following way. In the next chapter, the radicalness of 
inventions is firstly investigated. Specifically, the characteristics of radical and 
breakthrough inventions have been investigated in previous studies, where inventions are 
approached by the concept of new combinations. This concurs with the idea that inventions 
are created through the recombination of knowledge components. These knowledge 
components may come from a single or multiple technological domains. For breakthrough 
inventions, it was found that knowledge components are derived from fields that stand at 
larger distance (Nemet & Johnson, 2012), and that components come from a higher 
number of fields (Schoenmakers & Duysters, 2010) as compared to non-breakthrough 
inventions. In the next chapter, both approaches are combined by considering 
recombination as a continuum that is based both on the number of technological fields and 
the distances between them. Furthermore, a typology of seven different combinations of 
knowledge is proposed and tested regarding their subsequent impact. Accordingly, this 
chapter provides insights in the relationship between the degree of recombination and the 
technological impact as the two dimensions of innovation radicalness. 

The subsequent chapter concentrates on the role of external collaboration for the creation 
of breakthroughs. As stated before, interfirm collaboration contributes to the development 
of innovations in the biopharmaceutical industry, because of the search for complementary 
knowledge, the high costs of conducting R&D, and the high levels of uncertainty regarding 
the outputs (Hagedoorn, 1993; Letterie et al., 2008). Moreover, previous research stressed 
the importance of technology bridging for the creation of breakthroughs (Hargadon, 2003). 
The question remains which antecedents are more important for firms in order to access 
and assimilate the complementary knowledge resources needed for the development of 
breakthroughs? Hence, combining the importance of alliance partners and technology 
bridging, the question is asked whether it is more important how external knowledge is 
reached or who and which external knowledge is reached? The third chapter shows a 
comparison of the effect of a firm’s network position with the effects of partner attributes 
such as the diversity of external knowledge resources on the creation of breakthroughs. 

In addition to the antecedents for the creation of breakthroughs, the fourth chapter goes one 
step further by considering factors that contribute to the technological impact of a firm’s 
inventions. Furthermore, in many studies the technological impact of inventions has been 
approximated with the number of forward citations patents received. Some but not all the 
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studies control for self-citations as a possible source for measurement error regarding the 
impact of inventions, which is the first subject of investigation in this chapter. The second 
scientific contribution concerns the answer to the question who is impacted by a firm’s 
inventions, or in other words who cites a firm’s patents? The alliance network is used to 
discern local impact, as the extent to which alliance partners are responsible for forward 
citations, from global impact, as the extent to which non-partners are responsible for 
forward citations. It is argued that for local impact, local network antecedents play a more 
important role than a firm’s position in the network. For global impact the position of a 
firm in the overall network is argued to matter more than local network antecedents. 

Conclusively, the dissertation is structured by first looking at the relationship between 
recombination and impact. The second study concentrates at how firms can organize for 
the creation of breakthroughs by stressing the importance of how and who to reach. Finally, 
attention is paid to factors that contribute to the impact of inventions in particular.
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Chapter 23

New Combinations and Creative Destruction: 
The Relationship between Recombination and Impact 

Abstract 
‘New combinations’ and ‘creative destruction’ have become well-established constructs to 
describe the origins and impact of inventions. However, their specific relationship has not 
been subject to inquiry. To address this, we study the relationship between recombination 
and impact of inventions along two steps. First, in contrast to the common idea of a linear 
relationship as suggested in the literature, we argue that the relationship between 
recombination and impact is a non-linear one. Second, we determine the differential 
impact of different degrees of recombination, thereby establishing which degrees of 
recombination are optimal for generating impactful inventions. We test our hypotheses on 
an extensive dataset comprised of all USPTO granted patents in the biopharmaceutical 
industry between 1976 and 2006. Our empirical findings indicate strong evidence for a 
curvilinear relationship between recombination and impact. In addition, we find that an 
intermediate degree of recombination - formed by a combination of local, adjacent and 
distance knowledge domains - carries the highest impact of all types of inventions. 
Implications for the literature and firms’ innovation strategies are discussed. 

3 An earlier version of this chapter was nominated for the Best Student Paper Award of the 
Technology and Innovation Management division at the Academy of Management Conference in 
San Antonio 2011. Furthermore, earlier versions of this chapter were presented at the DRUID 
Winter Conference 2011 in Aalborg, at the Academy of Management Conference 2011 in San 
Antonio, and at the Center for Innovation Research Conference 2012 in Oisterwijk. This chapter 
has been reviewed and is currently under revision for being published in Research Policy. 
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New Combinations and Creative Destruction: 
The Relationship between Recombination and Impact 

2.1. Introduction 

Much of the academic literature on innovation and technological inventions builds on the 
pioneering work of Schumpeter. The younger Schumpeter (1934) emphasized the role of 
recombination as the key process that yields new inventions, whereas the older Schumpeter 
(1947) emphasized the phenomenon of creative destruction, referring to the impact that 
inventions may have on an industry and the wider economy. These ‘two faces’ of invention 
have become well-known concepts to describe and understand both the origins and impact 
of inventions (Nemet & Johnson, 2012; Schoenmakers & Duysters, 2010). Despite their 
importance and widespread use in the innovation literature, the specific relationship 
between these two sides of invention has not been subject to inquiry. There seems to be 
consensus in the academic literature that inventions with low degrees of recombination 
have far less impact than inventions with high degrees of recombination (Fleming, 2001). 
Underlying this idea is the implicit assumption that there is a positive linear relationship 
between recombination and impact of inventions. In line with this assumption is the 
commonly made distinction between incremental and radical invention (e.g. Dewar & 
Dutton, 1986), where incremental invention is generally associated with limited 
recombination and low impact and radical invention is associated with strong 
recombination and high impact (Abernathy & Clark, 1985; Dewar & Dutton, 1986; 
Tushman & Anderson, 1986; Tushman & Smith, 2002). Overall, this suggests that the 
degree of recombination and the level of impact can either be both low or both high. 
However, from business practice we know that there are inventions considered to fall 
somewhere in between incremental and radical inventions. These inventions with an 
intermediate degree of recombination are sometimes known as ‘adjacent inventions’ (Nagji 
& Tuff, 2012), such as Apple’s iTunes, Lego’s Mindstorm and Philip’s Senseo. The 
phenomenon of adjacency does not fit with the straightforward distinction between 
incremental and radical inventions, and raises the question of how inventions with 
intermediate degrees of recombination score on impact. Using the idea of a positive linear 
relationship, one can expect the impact of intermediate recombination to be somewhere 
between low and high, at an intermediate level. However, if one moves away from the 
common and untested idea of a linear relationship between recombination and impact and 
considers the possibility of a non-linear relationship instead, different possibilities arise. In 
the case of a U-shaped relationship, inventions of an intermediate degree of recombination 
will have a very low impact that is below that of incremental inventions of low 
recombination. In the case of an inverted U-shaped relationship, such intermediate 
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inventions may possibly carry the highest impact that is beyond that of radical inventions 
of high recombination. 

To address these issues, this paper follows two sequential steps. First, we argue and 
demonstrate that the relationship recombination and impact is highly non-linear. Second, 
we determine the differential impact of different degrees of recombination, thereby 
establishing which degrees of recombination are optimal for generating impactful 
inventions.4 To accomplish this, we will further specify the construct of recombination. 
Following the idea of recombination as the combination of knowledge components within 
or across technological knowledge domains (Stuart & Podolny, 1996), different studies 
have taken different approaches. Whereas Nemet & Johnson (2012) emphasized the role of 
distance between domains, Schoenmakers & Duysters (2010) considered the number of 
domains as a proxy for recombination. We build on the ideas in these studies by 
conceptualizing and measuring recombination along a continuum that combines both the 
number of domains and the distance between them. This approach enables us to develop a 
more detailed understanding of which specific combinations of domains and distances may 
be associated with low, intermediate and high degrees of recombination respectively. In 
this way, we also contribute to the literature by developing a more detailed understanding 
of the concept of recombination that still remains underspecified in comparison with the 
notion of impact. 

Empirically, we rely on the biopharmaceutical industry that is characterized by a 
large number of technological inventions of different degrees of recombination and 
different levels of impact. Traditionally, patents in this industry are heavily used for 
intellectual property protection (Gambardella, 1995). During the 1980s and 1990s, the 
biopharmaceutical industry exhibited increasing numbers of patent applications, signaling 
the widespread activity of invention. For our study, we selected all biopharmaceutical 
patents granted between 1976 and 2006 from a dataset from the United States Patent and 
Trademark Office (USPTO) combined with patent data from the National Bureau of 
Economic Research (Hall et al., 2001). Patents were chosen to be used in this study 
because they form an acknowledged proxy for inventions (Griliches, 1990; Hagedoorn & 
Cloodt, 2003; Lanjouw & Schankerman, 2004) and contain detailed information on their 
technological components. 

This paper proceeds as follows. First, recombination and impact of inventions are 
discussed in more detail. Next, the relationship between the two constructs is theoretically 
explored followed by the two hypotheses specified. Next, we present our empirical study 

4 The impact of an invention can be determined either from a market perspective or a technological 
perspective. However, we will concentrate on the recombination of a technological invention in 
other subsequently developed new technological inventions, because most technological inventions 
are not immediately created for consumer usage. 
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and estimation model. Finally, we will present our results and discuss the implications of 
our findings from both a theoretical and practical standpoint. 

2.2. Theoretical framework and hypotheses 

In this section, we develop a theoretical framework along two steps. We first describe our 
key concepts, namely recombination and impact of inventions. Next we explore the nature 
of the relationship between these two concepts, after which we specify our two hypotheses. 

2.2.1. Recombination 

Recombination is considered as the creation process of inventions (Hargadon & Sutton, 
1997; Nelson & Winter, 1982; Schumpeter, 1934). As the world consists of a nearly 
countless number of components there are basically no limitations to the process of 
recombination, although some sets of components are more likely to be combined relative 
to other sets of components (Fleming, 2001; Stuart & Podolny, 1996). Looking past this 
seemingly infinite potential for recombination, the dominant approach taken in most of the 
literature historically has been to distinguish between incremental and radical inventions 
(Abernathy & Clark, 1985; Dewar & Dutton, 1986; Tushman & Anderson, 1986; Tushman 
& Smith, 2002). Incremental inventions may be associated with recombination consisting 
of new connections between already connected components within a technological domain 
or from technologically proximate domains, whereas radical inventions may be associated 
with recombination made up from previously unconnected components from distant 
technological domains (Henderson & Clark, 1990). In order to establish the nature of the 
relationship between recombination and impact, we go beyond the dichotomous distinction 
between two types of recombination and instead conceptualize it along a continuum. This 
is in agreement with two recent studies that have considered recombination in terms of 
either the distance between domains that are combined (Nemet & Johnson, 2012) or the 
number of domains that is combined (Schoenmakers & Duysters, 2010). We build on these 
approaches but also argue that a more accurate understanding of recombination requires 
the consideration of both distance and number of domains. In line with Hargadon & Sutton 
(1997), we see new inventions as those created from combinations of existing knowledge 
from disparate domains. This implies that recombination is in particular the spread over 
different domains, suggesting that this concerns a combination of both the number of 
domains and distance among them. Seen in this way, the degree of recombination of an 
invention increases when components are spread over more domains at larger 
technological distances. Then, inventions consisting of components from only the local 
technological domain or from the local and neighboring domains may be associated with a 
low to moderate degree of recombination. Inventions consisting of components from 
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technological domains at larger distances and an increasing number of domains may be 
associated with a higher degree of recombination. 

2.2.2. Technological impact of inventions  

A number of studies have focused on the impact of inventions as a way to assess their 
importance for technological development (Ahuja & Lampert, 2001; Phene et al., 2006; 
Rosenkopf & Nerkar, 2001). In addition, several alternative concepts are used to determine 
impact such as usefulness (Fleming, 2001), technological importance (Ahuja & Lampert, 
2001), and invention quality (Lahiri, 2010; Lanjouw & Schankerman, 2004). These 
different concepts refer to the same underlying notion of impact that details the extent to 
which a new combination is meaningful for the development of future inventions. The 
common measure for impact in the studies mentioned above is based on a count of the 
number of received forward citations of a patent. In this way, technological impact refers 
to the number of times that a new combination is used in subsequent new technological 
inventions (Dahlin & Behrens, 2005).5 The extent to which inventions are used in future 
inventions provides an indication of their importance and contribution to future 
technological development, either within or beyond a technological domain. 

2.2.3. The relationship between recombination and impact 

Below we discuss two different mechanisms that underlie the relationship between the 
degree of recombination and technological impact of inventions, namely renewal potential 
and inventor familiarity. We will discuss both mechanisms and argue why a non-linear 
relationship follows from their combination. 

2.2.3.1. Renewal potential  

Renewal potential is defined as the extent to which the invention is deemed to be useful 
and valuable for future technological development. Following the idea of recombination 
along a continuum, we argue that different degrees of recombination will carry different 
degrees of renewal potential. When only components from within the local technological 
domain are recombined, the resulting inventions will have a low potential for renewal. 
Both the components used and the linkages between them will be close to what is 
considered as common knowledge within the technological domain, implying that these 
new combinations fall short of novelty value (Henderson & Clark, 1990). By combining 
technological components from more distant technological domains, the degree of 
recombination increases. To the extent that unconnected components from more distant 

5 For instance, the impact of the discovery of recombinant DNA becomes apparent in the following 
inventions, such as the invention of recombinant human insulins by Genentech in 1978 (Walsh, 
2005).  
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technological fields are included, the potential for renewal goes up. As a consequence, 
these new combinations carry a higher likelihood of impacting subsequent technological 
development, both within and beyond focal technological domains (Hargadon, 2003; 
Rosenkopf & Nerkar, 2001). Therefore, new combinations of technologies that build on 
distant technological origins will have a higher renewal potential and a higher likelihood of 
being the source of future technological development, as compared to inventions that are 
based on components from a single technological origin (Rosenkopf & Nerkar, 2001; 
Schoenmakers & Duysters, 2010). To the extent that these inventions have the potential to 
disrupt current technological trajectories, they may be qualified as discontinuous 
(Abernathy & Utterback, 1978; Anderson & Tushman, 1990), competence destroying 
(Tushman & Anderson, 1986), disruptive (Christensen, 1997) or as breakthroughs (Ahuja 
& Lampert, 2001). Since renewal potential increases with increasing degrees of 
recombination, this suggests a positive relationship between the degree of recombination 
and its subsequent technological impact. 

The line of reasoning presented in the above would support the idea of a linear and 
positive relation between recombination and impact. However, high renewal potential in 
and by itself might not be sufficient to generate high impact, as we will explore in the next 
paragraph. 

2.2.3.2. Familiarity and cognitive legitimacy 

When inventors combine components from within the same technological domain, they 
deepen their understanding of these components in this local technological domain. This 
deeper understanding contributes to the build-up of inventors’ cumulative experience 
within a domain. This further strengthens their capabilities and increases the quality of new 
combinations they create (Katila & Ahuja, 2002). In addition, the usefulness of 
combinations of components from within the same technological domain can be more 
accurately predicted (Fleming, 2001) whereas they may also enjoy a high level of cognitive 
legitimacy (Aldrich & Fiol, 1994). This is in line with studies in psychological research 
areas demonstrating that a deep understanding of a particular domain forms an important 
prerequisite for developing high-impact ideas (Simontin, 1999a, 1999b). This research 
suggests that to the extent that components are from within the same local technological 
domain, their quality will be higher, the uncertainty regarding their usefulness in new 
combinations will be lower and the legitimacy of their inclusion will be stronger. This 
implies that new combinations of components from within the same technological domain 
may form important ‘feedstock’ for the creation of future new combinations. 

When components of a new combination originate from more distant technological 
domains, the degree of recombination of an invention increases. However, inclusion of 
components from more distant domains will come with less familiarity and legitimacy for 
inventors and will increase the uncertainty about the potential usefulness of the new 
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invention (Fleming, 2001). In addition, these new combinations also lack cognitive 
legitimacy that may lead to a lack of acceptance and even resistance among inventors to 
build upon them for the future creation of inventions (Aldrich & Fiol, 1994). Overall, 
higher degrees of recombination of an invention indicate a lower degree of familiarity and 
cognitive legitimacy within any community of inventors. This decreases the likelihood of 
these inventions to be used for the creation of future inventions. This puts forward that 
inventor familiarity and cognitive legitimacy decrease with increasing degrees of 
recombination, which implies a negative relationship between the degree of recombination 
and its subsequent technological impact. 

2.2.3.3. Combined effects: the relationship between recombination and impact  

The discussion above suggests that there are two sides to recombination. On the one hand, 
inventions characterized by low degrees of recombination will carry a potential for high 
quality, low uncertainty regarding usefulness and strong cognitive legitimacy, but may fall 
short of renewal potential. On the other hand, inventions with a high degree of 
recombination carry a high renewal potential but lack potential for high quality, and are 
surrounded by higher uncertainty regarding usefulness and limited cognitive legitimacy. 
This suggests that higher degrees of recombination drive renewal potential because the 
invention carries more novelty value for impacting existing and initiating new 
technological trajectories. Inventors may use these inventions for future recombination to 
the extent that they recognize the inventions’ components and to the extent that these 
inventions are considered by inventors as cognitive legitimate (Audia & Goncalo, 2007). 
However, with a further increase in renewal potential through inclusion of components 
from more distant technological domains, the familiarity and legitimacy of the invention 
will decrease (Shane, 2000). Beyond a certain degree of recombination, the downward 
effect of lacking familiarity and legitimacy may exceed the upward effect of renewal 
potential, as inventions may no longer be recognized or accepted by inventors. 

In conclusion, this suggests that the degree to which the renewal potential of an 
invention will be exploited to its full extent depends on inventor familiarity and including 
cognitive legitimate components can accommodate this. The implication that follows is 
that inventions in-between low and high degrees of recombination may benefit from 
familiarity and legitimacy as well as from renewal potential, and therefore could exhibit a 
high level of impact. In comparison, low recombination inventions will generate only 
limited impact because of the lack of renewal potential, whereas high recombination 
inventions will also generate limited impact due to lack of familiarity and legitimacy. 
These arguments suggest a non-linear relationship between recombination and impact. 
More specifically, we argue that when the degree of recombination increases, the impact of 
the invention will increase as well until a certain degree of recombination after which the 
impact will decrease. This suggests our first hypothesis: 
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H1.  There is an inverted-U shaped relationship between the degree of 
recombination and impact of technological inventions.  

The above discussion suggests that an intermediate degree of recombination will carry the 
highest impact, as it strikes a careful balance between familiarity and legitimacy on the one 
hand, and usefulness and renewal potential on the other. This raises the question which 
types of new combinations of components correspond to an intermediate degree of 
recombination. These intermediary degrees of recombination can be achieved along three 
different routes. First, they can be achieved by building on technological components from 
domains that are neither local nor distant, but in between these two. Such domains may be 
considered as adjacent technological domains, both from the perspective of the local 
technological domain and from the perspective of the distant domain. Because of the close 
proximity to the local technological domain, they carry familiarity and legitimacy. But as 
they are also in the vicinity of distant domains, they also carry renewal potential. In this 
way, combining components from only adjacent domains implies both familiarity and 
renewal potential in all of an invention’s building blocks. A second approach that would 
also yield an intermediate degree of recombination is to build on technological components 
from both local and distant domains. In this case, local components bring the familiarity 
and distant components carry the renewal potential. Building on local and distant domains 
helps to maximizing familiarity in some building blocks and renewal potential in others. A 
third approach builds on technological components from local, adjacent and distant 
domains. Components from local domains carry familiarity, components from distant 
domains renewal potential, whereas components from adjacent domains form the ‘bridge’
between the two. Each of these three types of new combinations represents an intermediate 
degree of recombination and accomplishes the balancing act between familiarity and 
renewal potential through a different route. Overall, this suggests that for these three 
specific types of inventions that contain an intermediate degree of recombination there is 
equifinality as far as their impact is concerned. 

H2. Inventions that are based on combinations of components from either 
adjacent domains, from local and distant domains, or from local, adjacent 
and distant domains will have a higher impact as compared to all other 
types of inventions. 



41 

2.3. Methods

2.3.1. Data 

In order to explore the relationship between recombination and technological impact, we 
sought for data on technological inventions for which both the technological origins and 
their technological impact are well documented. Moreover, we wanted to focus on a high-
tech industry in which technological development takes place at high rates to ensure that a 
large number of inventions has been created with different degrees of recombination and 
technological impact. The biopharmaceutical industry is such an industry characterized by 
rapid technological development (Gambardella, 1995). During the 1980s and 1990s, the 
biopharmaceutical industry demonstrated increasing numbers of patent applications in the 
United States. Furthermore, patents in the biopharmaceutical industry are intensively used 
for intellectual property protection, and most inventions are in fact patented within the 
biopharmaceutical industry (Hall et al., 2001). All U.S. biopharmaceutical patents granted 
since 1976 have been selected for this study. The benefits of using patents and patent 
citation data are numerous, as these data provide information on many characteristics of 
inventions, and patent data have been consistently reported over time. Moreover, patent 
data have often been used in previous studies as a proxy for technological inventions6. 

The approach of equaling patents with inventions is especially valuable with regard 
to high tech industries like the biopharmaceutical where patenting is common practice. In 
order to be patentable, inventions need to be ‘novel’ and ‘non-obvious’ (USPTO, 2007, p. 
20). Furthermore, technological inventions differ in terms of their degree of recombination, 
as each patent cites whether and which components from previous inventions are 
recombined. Moreover, patent data helps us to see that different inventions exist in terms 
of technological impact on subsequent inventions, as each patent can be cited by 
subsequent patents. Accordingly, the degree of recombination and the technological impact 
of inventions can be captured by investigating patents, because a patent document consists 
of detailed and ordered information on the origins of the invention (Hall et al., 2001; 
Schoenmakers & Duysters, 2010). 

In particular, data on patent citations form a large amount of information, which 
can be related to both concepts recombination and impact. Legally, every inventor is 
assigned with the task to cite earlier patents on which the technological claims of his 
invention are built. This process of citing existing patents is controlled by patent examiners 
who are able to add or remove citations to prior patents that the patent applicant has missed 
or added too much. However, this is hardly the case in the biopharmaceutical industry as 

6 See among others the following sample of studies that used patent data as a proxy for invention or 
innovation: (Ahuja & Lampert, 2001; Dahlin & Behrens, 2005; Fleming, 2001; Gilsing et al., 2008; 
Hagedoorn & Cloodt, 2003; Harhoff et al., 1999; Lanjouw & Schankerman, 2004; Phene et al., 
2006; Trajtenberg et al., 1997; Trajtenberg, 1990; Watanabe, Tsuji, & Griffy-Brown, 2001). 
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most citations are already inserted by the patent applicants (Alcácer, Gittelman, & Sampat, 
2009). As such, we suggest that patent citations are a valid proxy for the technological 
components that the invention consists of (Trajtenberg, Henderson, & Jaffe, 1997). On the 
basis of patent citations, two sets of measures are constructed: one based on backward 
citations, which are specified in and cited by the focal patent, and one set based on forward 
citations, which are specified in the patents that cite the focal patent. First, this paper uses 
backward citations as proxies for the inventions’ degree of recombination, because 
citations to other patents refer to the technological origins of these inventions (Ahuja & 
Lampert, 2001; Schoenmakers & Duysters, 2010; Trajtenberg et al., 1997). Second, 
forward citations are used as a proxy for the invention’s technological impact on future 
technological development, because these have been related to concepts such as innovative 
performance (Hagedoorn & Cloodt, 2003), breakthrough inventions (Ahuja & Lampert, 
2001; Phene et al., 2006), economic value of inventions (Hegde & Sampat, 2009; 
Trajtenberg, 1990), patent importance (Albert, Avery, Narin, & McAllister, 1991; 
Carpenter, Narin, & Woolf, 1981; Fleming, 2001; Hall, Jaffe, & Trajtenberg, 2005; 
Trajtenberg et al., 1997), patent value (Reitzig, 2003), and technological impact 
(Rosenkopf & Nerkar, 2001). The measure for technological impact in this study is also 
based on the number forward citations. Next, our sample will be discussed followed by a 
description of the variables in this study. 

2.3.2. Sample 

The initial sample in this study consists of all patents classified in the biotechnological 
industry that were granted between 1976 and 2006 by the USPTO. This demonstrates a 
long period in the biopharmaceutical industry in which new technological inventions have 
been continuously created (Gambardella, 1995). The technological classification scheme of 
2006 from the USPTO was used by the patent examiner to assign each patent with a 
primary technology class, which information was drawn from the NBER patent database 
(Hall et al., 2001). In this technological classification scheme, the three-digit USPTO 
classification was used, in which the codes ‘424’, ‘435’, ‘436’, ‘514’, ‘530’, and ‘800’ 
correspond with patents that are related to the biopharmaceutical industry (Phene et al., 
2006; Rothaermel & Hess, 2007)7. The descriptions of these codes can be found in table 1. 

Initially, our sample consisted of 202.697 biopharmaceutical patents that were 
granted between 1976 and 2006. These patents had 1.399.356 backward and 1.252.401 
forward citations in total. For 1.335.837 backward citation patents we were able to identify 
the technological class, because our data on the technology classification went back to 
patents which were granted from 1963 onwards. The other patents that were cited by any 

7 In fact, we also checked the number of patents in our sample per assignee and looked at the names 
of the assignees. This list shows on face value a representative sample of biopharmaceutical firms. 
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of our sampled patents, but either granted before 1963 or withdrawn at any point in time, 
were not taken into the measure for the degree of recombination. 

Table 1 Patent classes and their descriptions8

Classification Description 

424 Drug, bio-affecting and body treating compositions. 
435 Chemistry: Molecular biology and microbiology. 
436 Chemistry: Analytical and immunological testing. 
514 Drug, bio-affecting and body treating compositions. 
530 Chemistry: Natural resins or derivatives; peptides or 

proteins; lignins or reaction products thereof. 
800 Multicellular living organisms and unmodified parts 

thereof and related processes. 

Next, we narrowed the time frame for the impact dimension to ten years after the grant 
year of our sampled patents. This means that the dependent variable is based on 876.687 
forward citations to our focal patents from all other patents applied for within ten years 
after the grant year of the sampled patent. Finally, our biotechnology sample consisted of 
22.937 patents without any backward citations to patents9. Next, we will describe the 
measures that we constructed for our analyses. 

2.3.3. Dependent variables 

2.3.3.1. Technological impact 

A commonly used indicator for a patent’s technological impact is the number of forward 
citations, i.e. the number of times other patents cite a focal patent. The main argument 
throughout the literature is that the more a patent is cited by future patents, the higher the 
technological impact of a patent. In order to further validate this measure, we control for 
the truncation effect by considering the number of forward citations within a ten-year time 
frame. To clarify, this ten-year time frame means that the ‘number of forward citations’ 
concerns the number of all citing patents that are applied for within ten years after the grant 
year of the focal patent (Hall et al., 2001). This time span of ten years for measuring the 

8 Source: http://www.uspto.gov/web/patents/classification/ 
9 A crosscheck with the NBER patent data convinced us that this number is correct. These patents 
are sometimes a continuation of copending US patent application series and sometimes a divisional 
of application series. In other cases, the patents cite foreign patent documents or non-patent 
literature. Only a small number (57) of patents consisted of no backward citations to any other 
document, although these patents were in most cases also part of patent application series. 
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number of forward citations is in line with earlier research using this measure. For 
example, Fleming (2001) uses a time interval of six years and five months and Gilsing et 
al. (2008, p. 1723) state that “different scholars have argued that a moving window of five 
years is an appropriate timeframe for assessing the technological impact of prior 
inventions”. To account for patented inventions whose technological impact did not evolve 
in the first couple of years after the patent was granted, we wanted to be conservative and 
chose a ten-year time frame. Thus, in order to be sure that we had captured most of the 
forward citations, we computed the ‘number of forward citations’ per patent within the ten 
years after the patent was granted. As a robustness check, we also ran regression models 
with the number of forward citations per patent within five years after the patent was 
granted. 

Figure 3 The patent grant lag and citation lag 

Using either a ten-year or a five-year time frame puts limits on the size of the sample for 
analysis for two reasons. First, there is a lag between the application year and grant year of 
a patent (see figure 3). Our data from the NBER and USPTO only consisted of the patents 
granted until 2006.The average time between the application year and grant year of the 
patents in our sample is 2,4037 years with a standard deviation of 1,2765. This means that 
most of the patents applied for in the years before 2006, will not already be granted in 
2006. Figure 3 shows the cumulative distribution of patents by the number of years there 
are between the year of application and the grant year. Around 80 percent of all patents are 
granted within three years after application. Secondly, there is also a time lag between the 
grant year of the sampled patent and the application year of the patent that has cited the 
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sampled patent (see figure 3 – the dotted line). On average it takes 1,3829 years before a 
patent is firstly cited. Then, figure 3 shows the cumulative percentage of forward citations 
that a patent receives by the number of years after this cited patent is granted. The figure 
shows that on average patents have received around 53 percent of their forward citations 
within five years after their grant date. After ten years, patents have received 
approximately 80 percent of their total number of forward citations. To be sure that we 
have most of the forward citations and our measure for technological impact is valid, the 
analysis with the forward citations received within ten years contains all patents granted 
between 1976 and 1993. The analysis with the forward citations received within five years 
contains all patents granted between 1976 and 1997. 

2.3.4. Independent variables 

2.3.4.1. Degree of recombination 

We argue that the degree of recombination of an invention is determined by the spread of 
technological origins among local and distant technological domains. Essentially, 
technological inventions with high degrees of recombination are inventions that consist of 
technological components from distant technological domains. Therefore, the higher the 
average distance between the patent class of the backward cited patent and the patent class 
of the sampled patent, the higher the recombinant nature of the invention under protection 
of the specific patent is. 

Specifically, the technological distance between patents was determined as follows. 
When the sampled patent and the backward cited patent are assigned to one of the three-
digit biotechnology classes, i.e. classes ‘424’, ‘435’, ‘436’, ‘514’, ‘530’, and ‘800’, this 
citation is a technologically ‘near’ citation. Second, every patent is assigned to a one-digit 
patent category by other scholars (Hall et al., 2001). Specifically, the biopharmaceutical 
industry has evolved on the border between chemicals, and drugs and medicines, which are 
represented by category ‘1’ and ‘3’. When the backward cited patent is not assigned to a 
three-digit biotechnology classes, i.e. classes ‘424’, ‘435’, ‘436’, ‘514’, ‘530’, and ‘800’, 
but assigned to another class within chemicals or drugs, this citation is technologically 
adjacent to the sampled patent and therefore categorized as an ‘adjacent’ citation. Finally, 
when the backward cited patent is not assigned to the chemicals or drugs category, this 
citation is technologically ‘distant’ from the sampled patent. Next, the degree of 
recombination was determined by attaching different weights to the ‘near’, ‘adjacent’, and 
‘distant’ backward citations. That is, a ‘near’ citation is weighted with ‘1’, an ‘adjacent’ 
citation is weighted with ‘2’, and a ‘distant’ citation is weighted with ‘3’. Accordingly, the 
measure for the degree of recombination is computed as follows: 
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Ni denotes the number of backward citations for each patent across k patent classes, 
whereas v denotes the value corresponding to the technological distance between the 
sampled patent and the backward cited patent. The sum of these weighted backward 
citations is then divided by the number of backward citations. Table 2 shows six examples 
of the degree of recombination for an invention with three backward citations. For 
example, patent ‘A1’ cites three other patents from a biopharmaceutical class. All three 
citations are near citations with a value of ‘1’ so that all three alternative recombination 
scores will be ‘1’. When each of the three backward citations come from patents in a 
different category – i.e. ‘near’, ‘adjacent’, and ‘distant’ - as is the case for example patent 
‘A4’, the recombination measures changes accordingly. The recombination measure is then 
(1+2+3) / 3 = 2. 

Table 2 Example measure degree of recombination 

Sampled 
Patent 

Category k 
# BW cites in 
category k 

Recombination 
Value 

Recombination 
Label 

A1 Near 3 1 Low  
A1 Adjacent 
A1 Distant 
A2 Near 2 1,67 Low - Medium 
A2 Adjacent 
A2 Distant 1 
A3 Near 2 Medium 
A3 Adjacent 3 
A3 Distant 
A4 Near 1 2 Medium 
A4 Adjacent 1 
A4 Distant 1 
A5 Near 1 2,33 Medium - High 
A5 Adjacent 
A5 Distant 2 
A6 Near 3 High 
A6 Adjacent 
A6 Distant 3 
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Because our study proposes an inverted-U shaped relationship, we first entered the linear 
recombination variable in the analysis. Next, we also modeled the relationship by entering 
a squared term for recombination. Robustness checks are carried out with different weights 
attached to the different categories, see page 55. 

2.3.4.2. Combination dummies 

For testing the second hypothesis, seven dummy variables were created in order to test 
which combinations were most likely to generate the highest impact levels. The variable 
‘near’ is ‘1’ in case a patent cites only near backward citations and ‘0’ if  otherwise. The 
variable ‘near-distant’ is ‘1’ in case a combination consists of both near and distant 
backward citations and ‘0’ if otherwise. The variable ‘near-adjacent-distant’ is ‘1’in case 
an invention is a recombination of both near, adjacent, and distant technological 
components and ‘0’ if otherwise. The other four dummies were coded similarly. The 
reference category consists of patents without any backward citations to US patents. 

2.3.5. Control variables 

2.3.5.1. Number of backward citations (BW patent cites) 

The recombination measure is based on the diversification of the technological domains of 
the patents that were cited by the focal patent. This measure does not directly control for 
the number of backward citations. Therefore, we entered the number of backward citations 
in the models that can be retrieved in each patent. The argument is that many backward 
citations will more likely be diversified across technological domains as opposed to a few 
backward citations.

2.3.5.2. Age of backward citations (Age) 

Another control variable is the mean age of the backward citations. Scholars have indicated 
that more impactful patents are based on younger components as compared to less 
impactful patents (Nemet & Johnson, 2012; Schoenmakers & Duysters, 2010). The 
variable ‘age’ is calculated by taking grant year of the sampled patent minus the grant year 
of the backward citations. Then the average is taken over all backward citations in the 
sampled patents. Higher values on this variable correspond to the recombination of 
relatively older components. 

2.3.5.3. Number of other citations (Other cites) 

Besides references to previous patents, patents can also cite documents such as articles in 
scientific journals, books, or magazines from trade organizations. The citations to these 
non-patent literature is said to possibly indicate the use of scientific knowledge during the 
creation of the invention, which in turns is associated with the degree of recombination of 
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the invention by some scholars (Carpenter et al., 1981; Dahlin & Behrens, 2005; 
Schoenmakers & Duysters, 2010; Trajtenberg et al., 1997). In order to control for the 
influence of non-patented components on the impact we constructed the variable ‘number 
of other citations’. 

2.3.5.4. Number of foreign citations (Foreign cites) 

Patent documents can also contain citations to foreign patent documents. We controlled for 
these foreign components, because these may influence both the degree of recombination 
as well as the technological impact. When foreign patents are frequently cited by a patent, 
the renewal potential of the patent based on these foreign patents might be higher. This will 
have a positive influence on impact, which needs to be controlled for. 

2.3.5.5. Number of inventors (Inventors) 

Hargadon (2003) wrote that any new combination is the outcome of a process in which 
sometimes multiple inventors recombine ideas and technologies. The number of inventors 
may affect the degree of recombination of an invention, because more inventors will have 
a larger pool of knowledge about components from older inventions to tap from. 
Therefore, the recombinant potential of a pool of inventors will be larger as compared to a 
single inventor. Moreover, the number of inventors on a patent may also increase the 
impact of an invention, as the more inventors that are knowledgeable about the invention, 
the more likely this knowledge will be used for future inventions. Accordingly, the 
‘number of inventors’ is used as a control variable. 

2.3.5.6. Number of assignees (Assignees) 

Besides the names of inventors, also the names of the patent assignees are printed on the 
patent. The assignee has the exclusive intellectual property right to exploit the knowledge 
about the invention, which is protected by the patent. Sometimes, there are multiple 
assignees named on a patent, which are all likely to be familiar with the invention. The 
more assignees are familiar with an invention, the more likely it is that they will recombine 
any of the components in a new combination in the future, thereby affecting the impact 
dimension. The number of assignees is thus added as a control variable. 

2.3.5.7. Number of claims (Claims) 

Finally, an invention that is patented may cover multiple technological claims of discovery. 
We propose that more claims on a patent document may require more technological 
components, so that there might be a positive relationship between the degree of 
recombination and the number of claims. Furthermore, it is also to be expected that patents 
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with more claims of discovery have a higher propensity to be cited by future patents. In 
view of that, the ‘number of claims’ in our sampled patents is taken into account. 

2.3.6. Analyses 

In order to explore the relationship between recombination and impact, we ran several 
analyses of different regression models with the number of forward citations within ten 
years as measure for the dependent variable. Given that our dependent variable is a count 
variable with overdispersion (see table 3) we use negative binomial regression models. In 
total, two sets of three models are shown for both dependent variables. First, only the 
control variables are entered (model 1 and 4). Next, the linear term for the degree of 
recombination was entered in the second and fifth model. The third and sixth model 
consisted of the linear and the squared term for degree of recombination. The analysis with 
the forward citations received within five years (model 1-3) contains all patents granted 
between 1976 and 1997, so that sample size for these analyses is 81.838 patents. The 
models with the number of forward citations received within ten years after the grant date 
of the sampled patents (model 4-6) take into account all patents granted between 1976 and 
1993 so that the ultimate sample size for these analyses is 56.709 patents. 

2.4. Results 

2.4.1. Results 

In table 3 the descriptive statistics and correlations between the variables are shown. The 
values of the bivariate correlations are rather small, indicating that our analyses do not 
suffer from multicollinearity problems. 

Subsequently, the results from the negative binomial regression models are shown 
in table 4. First, the baseline models (model 1 and 4) show statistically positive effects 
from the number of claims on a patent, the number of citations to other documents, and the 
number of citations to previous patents, as well as a negative effect of the age of the 
backward citations. These effects are consistent across all models we estimated. When we 
enter the linear term of the recombination measure (model 2 and 5), we find a small 
statistically significant positive effect on the number of forward citations (b = 0,124 and 
b=0,082). Log-likelihood ratio tests (Long & Freese, 2006) reveal that the inclusion of the 
linear recombination term implies a significant improvement of the model fit. However, 
the same tests reveal that the model fit is further improved by including the squared term of 
recombination in the regression analysis (model 3 and 6). The linear coefficient is still 
positively significant in these models and the squared term shows a significant negative 
coefficient. These combined coefficients suggest the existence of an inverted-U shaped 
relationship between the degree recombination and technological impact of inventions. 



Table 3 Descriptive statistics and correlations a 

Variable Mean STD Min Max Claims Assignees Inventors Other Foreign NumBW Recombin. NumFW_5 NumFW_10
Claims 12,83 11,64 1 258 1,00
Assignees 1,03 0,18 1 6 0,00 1,00
Inventors 2,74 1,83 1 32 -0,02 0,10 1,00
Other cites 5,24 11,22 0 490 0,08 0,06 -0,01 1,00
Foreign cites 1,61 3,31 0 181 0,07 0,02 0,12 0,22 1,00
BW patent cites 4,37 6,07 0 329 0,13 0,00 -0,03 0,17 0,37 1,00
Recombination 1,17 0,64 0 3 0,07 -0,02 0,00 -0,09 0,06 0,29 1,00
FW cites 5 yrs. 3,80 6,59 0 200 0,16 0,01 -0,01 0,16 0,12 0,20 0,02 1,00
FW cites 10 yrs. 6,44 11,95 0 672 0,16 0,01 -0,02 0,17 0,11 0,20 0,01 0,85 1,00
a Descriptives of and correlations among all variables are based on all patents between 1976 and 1997 (N=81838 observations) except for the descriptives of and 
correlations with NumFW_10, which are based on all patents between 1976 and 1993 (N=56709), because of the truncation effect (citation lag)
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Table 4 First results of negative binomial regressions a, b

Forward cites within 5 years Forward cites within 10 years
Model_1 Model_2 Model_3 Model_4 Model_5 Model_6

Claims 0.018*** 0.017*** 0.017*** 0.018*** 0.018*** 0.018***
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

Assignees 0.032 0.033 0.029 0.053 0.053 0.050
(0.027) (0.027) (0.026) (0.038) (0.038) (0.038)

Inventors -0.001 -0.001 -0.001 -0.008 -0.009* -0.009*
(0.003) (0.003) (0.003) (0.004) (0.004) (0.004)

Other cites 0.012*** 0.013*** 0.013*** 0.017*** 0.017*** 0.017***
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

Foreign cites 0.014*** 0.014*** 0.013*** 0.011*** 0.011*** 0.011***
(0.002) (0.002) (0.002) (0.003) (0.003) (0.003)

BW patent cites 0.030*** 0.027*** 0.025*** 0.040*** 0.038*** 0.034***
(0.001) (0.001) (0.001) (0.002) (0.002) (0.002)

Age -0.019*** -0.027*** -0.031*** -0.018*** -0.024*** -0.028***
(0.001) (0.002) (0.002) (0.002) (0.002) (0.002)

Recombination 0.124*** 0.459*** 0.082*** 0.385***
(0.011) (0.027) (0.013) (0.034)

Recombination2 -0.142*** -0.126***
(0.010) (0.012)

Constant 0.920*** 0.846*** 0.751*** 1.367*** 1.322*** 1.236***
(0.037) (0.037) (0.038) (0.049) (0.050) (0.051)

Yeardummies Yes Yes Yes Yes Yes Yes
Technology dummies Yes Yes Yes Yes Yes Yes

Alpha 0.231*** 0.228*** 0.222*** 0.193*** 0.192*** 0.188***
(0.008) (0.008) (0.008) (0.009) (0.009) (0.009)

Likelihood ratio test 183,43*** 299,49*** 66,37*** 187,50***
Chi2 9586,85 9791,89 9996,76 8686,85 8807,69 8947,90
N 81838 81838 81838 56709 56709 56709
a Robust standard errors in parentheses
b Two-tailed t-tests have been used: *p<0,05; **p<0,01; ***p<0,001

To assess whether an inverted-U-shaped relationship is firmly present in the 
observed range of the variables the results from the third and sixth model are plotted in 
figure 4. The graph in the figure demonstrates the effect of recombination on impact when 
considering all possible combinations of values on the other variables (Hoetker, 2007). 
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This is needed, because a negative binomial regression model is multiplicative, so the 
effect depends on the values of all other covariates in the model. Figure 4 clearly reveals 
two inverted-U-shaped relationships thereby providing strong support for hypothesis 1. 

Figure 4 The effect of recombination on impact 

Next, we examined which new combinations were most likely to lead to the highest 
impact. Table 5 shows the results from the negative binomial regression model with seven 
dummies that correspond to all possible different types of recombination. Model 1 and 2 
use the number of forward cites within a five-year time frame as the dependent variable 
whereas model 3 and 4 use a ten-year time frame. However, the results are extremely 
similar for both dependent variables. For both dependent variables, the model with the 
variables capturing the type of recombination shows significantly better model fit 
compared to the model with only the control variables. The results presented in model 2 
and 4 clearly show that all types of recombination have a positive effect on an invention’s 
impact compared to the reference category (i.e. models without backward cites). Moreover, 
interesting differences in the impact effects of different types of recombination are 
revealed. 
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Table 5 Second results of negative binomial regressions a, b

Forward cites within 5 years Forward cites within 10 years

Model_1 Model_2 Model_3 Model_4

Claims 0.018*** 0.017*** 0.018*** 0.018***
(0.001) (0.001) (0.001) (0.001)   

Assignees 0.032 0.026 0.053 0.045   
(0.027) (0.026) (0.038) (0.038)   

Inventors -0.001 -0.000 -0.008 -0.008   
(0.003) (0.003) (0.004) (0.004)   

Other cites 0.012*** 0.013*** 0.017*** 0.018***
(0.001) (0.001) (0.001) (0.001)   

Foreign cites 0.014*** 0.013*** 0.011*** 0.011***
(0.002) (0.002) (0.003) (0.003)   

BW patent cites 0.030*** 0.020*** 0.040*** 0.028***
(0.001) (0.001) (0.002) (0.002)   

Age -0.019*** -0.031*** -0.018*** -0.028***
(0.001) (0.002) (0.002) (0.002)   

Near 0.323*** 0.314***
(0.021) (0.026)   

Adjacent 0.265*** 0.192***
(0.029) (0.033)   

Distant 0.220*** 0.249***
(0.052) (0.064)   

Near-Adjacent 0.415*** 0.337***
(0.024) (0.029)   

Near-Distant 0.420*** 0.399***
(0.034) (0.040)   

Adjacent -Distant 0.374*** 0.355***
(0.055) (0.063)   

Near-Adjacent -Distant 0.508*** 0.495***
(0.031) (0.038)   

Constant 0.920*** 0.751*** 1.367*** 1.225***
(0.037) (0.038) (0.049) (0.051)   

Yeardummies Yes Yes Yes Yes
Technology dummies Yes Yes Yes Yes

Alpha 0.231*** 0.220*** 0.193*** 0.185***
(0.008) (0.008) (0.009) (0.009)   

Likelihood ratio test 594,05*** 394,36***
Chi2 9586,85 10137,91 8686,85 9138,53
N 81838 81838 56709 56709
a Robust standard errors in parentheses
b Two-tailed t-tests have been used: *p<0,05; **p<0,01; ***p<0,001
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As it is difficult to derive such differences directly from the results presented in table 5, we 
used marginal effect analyses to estimate the average number of forward cites a patent 
would receive within a five-year time frame if it only differed on the type of 
recombination. From these estimations we subtracted the average number of cites to clarify 
the differentials between categories. The results of these estimations are presented in figure 
5, which provides a clear insight on the magnitude of the differences in an invention’s 
impact based on its type of recombination. In figure 5, the three types of recombination 
corresponding to intermediary degrees of recombination are depicted in black, whereas the 
other types of recombination are shown in grey. 

Figure 5 Different types of recombination and their effects on impact 

Two important observations can be derived from figure 5. First, different ways to achieve 
an intermediary degree of recombination result in very different levels of impact. Building 
only on adjacent technological domains actually results in a lower than average impact. A 
much higher degree of impact can be achieved by building on both near and distant 
technological domains. This shows that the way in which an intermediary degree of 
recombination is achieved is highly important for an invention’s impact. Clearly, 
maximizing familiarity with some of an invention’s building blocks and maximizing 
renewal potential with others results in a higher level of technological impact as compared 
to average degrees of familiarity and renewal potential in each building block of an 
invention. Second, inventions that are combinations of components from near, adjacent and 
distant technological domains are most likely to result in the highest subsequent impact. 
We will get back to the implications of these findings in the discussion section. 
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2.4.2. Robustness checks 

Several complementary analyses were run in order to test the robustness of our findings. 
One robustness check was to transform all control variables to their natural logarithm, 
because the skewness of the control variables might influence the outcomes of the 
analyses. In these models, we still found strong statistically significant support for an 
inverted-U shaped relationship between recombination and both the number of forward 
cites a patent receives within a five- and a ten-year time window. 

A second robustness check was carried out by attaching different weight to the 
‘near’, ‘adjacent’, and ‘distant’ backward citations. The results are shown with 
recombination weights ‘1’, ‘2’, and ‘3’ in the sequence of categories above. Alternative 
weights were ‘1’, ‘3’, and ‘5’ as well as ‘1’, ‘4’, and ‘9’, in order to increase the range of 
the variables. These alternative weighing schemes also demonstrated a clear inverted-U 
shaped relationship between recombination and impact. 

Furthermore, we checked whether the same results would appear if we created a 
dummy variable that captures whether the invention is a technological breakthrough or not 
instead of using a continuous measure for the impact of a patent. This alternative 
dependent variable was created by selecting the top 1 percent, top 2 percent, and top 5 
percent of patents with the most forward citations and giving these a value of ‘1’ (Ahuja & 
Lampert, 2001; Phene et al., 2006). Using logit regression we again found statistically 
significant results for an inverted U-shape between recombination and impact. Finally, 
similar logit analyses were conducted with the dummies for the different combinations of 
components and also here the combinations that combined ‘near’, ‘adjacent’ and ‘distant’ 
components had the highest likelihood to become technological breakthroughs.10 All in all, 
these analyses show that our findings are highly robust when considering the relation 
between recombination and impact of inventions. Next, we will discuss the theoretical 
implications of our findings as well as the limitations of our study in the final section. In 
view of those, there are numerous areas for subsequent research to be conducted. 

2.5. Conclusion & discussion 

Within this study, the young and old Schumpeter (1934; 1947) were brought together 
through an investigation of the relationship between recombination and technological 
impact. The common assumption in the literature until now is that there is a positive linear 
relationship between recombination and impact of inventions, which implies that 
inventions with low degrees of recombination have far less impact than inventions with 
high degrees of recombination (Nemet & Johnson, 2012; Schoenmakers & Duysters, 
2010). To address the validity of this assumption, the purpose of this paper has been to 
establish to what extent the relationship between recombination and impact is a linear one 

10 Results from these robustness checks are available upon request from the authors. 
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or if it exhibits non-linearity instead. In addition, we have determined the differential 
impact of different degrees of recombination, and which degree of recombination - low, 
intermediate or high - will be most impactful. With regard to the former, we found strong 
support for an inverted-U shaped relationship between recombination and technological 
impact. With regard to the latter, we found that the highest impact comes from the 
intermediate recombination that is made up of near - adjacent - distant domains. These 
findings have a number of important implications. 

First, an inverted U-shaped relationship between recombination and impact implies 
that both low and high degrees of recombination carry a limited impact, whereas an 
intermediate degree of recombination generates the highest impact. Low degree 
recombination is within one technological domain, yielding inventions with many familiar 
components but lacking enough renewal potential. The other less impactful inventions are 
highly recombinant inventions that are created through the recombination of only 
technologically distant components. Whereas they come with a large renewal potential, the 
lack of familiarity and legitimacy surrounding these inventions hampers their impact. The 
implication is that the common idea in the literature that incremental inventions may be 
associated with low impact and radical inventions with high impact (Abernathy & Clark, 
1985; Dewar & Dutton, 1986; Tushman & Anderson, 1986; Tushman & Smith, 2002) is no 
longer tenable. In fact, we even find that new combinations of components from only local
technological domains generate more impact than components from only adjacent or only 
distant domains (see figure 5). This reconfirms the idea that a deep understanding of a 
particular domain forms an important prerequisite for developing high-impact ideas (Katila 
& Ahuja, 2002; Simontin, 1999a, 1999b). In contrast, components from only distant 
domains may be too disparate to lead to impactful inventions. 

Second, an intermediate degree of recombination has the highest impact, although 
primarily if the new combination is made up of components from both near, adjacent, and 
distant domains. Whereas combining only adjacent domains or combining local and distant 
domains represent alternative forms of an intermediate degree of recombination, their 
impact differs dramatically. This implies that there is no equifinality of new combinations 
of an intermediate degree of recombination. Combining only components from adjacent 
domains yields the lowest impact of all inventions. An interpretation of this finding is that 
familiarity and novelty value are traded-off against each other regarding such an 
intermediate type of recombination, which leads to inventions that may be seen as the 
‘worst-of-both-worlds’. In contrast, the combination of local and distant domains yields the 
near-highest impact. In fact, the highest impact is found for inventions that may be seen as 
the ‘perfect’ type of intermediate recombination, namely a combination of near, adjacent, 
and distant technologies. This combination suggests a careful balance between familiarity 
and novelty value by building not only on local and distant domains but also by including a 
‘bridge’ between the two through the inclusion of components from adjacent domains. In 
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this way, familiarity and novelty value are not traded-off against each other but instead, 
synergy is created between the two that leads to coherence and renewal, which leads to the 
highest pay off in terms of impact. In other words, the recombination of components from 
near, adjacent, and distant technological domains may represent the ‘best of three worlds’, 
making these adjacent inventions more likely to become technological breakthroughs. 

Third, these findings also carry implications for a more detailed understanding of 
the concept of recombination that has remained somewhat underspecified in comparison 
with the notion of impact. Schumpeter’s idea of recombination is based on his classical 
distinction between recombination made up of novel combinations of unlinked 
components, and recombination made up of the reconfiguration of already linked 
components (Henderson & Clark, 1990; Schumpeter, 1934). Whereas this distinction 
suggests that these two categories form different approaches, our findings suggest that an 
overlooked possibility is formed by combining these two ‘routes’, i.e. combining 
unconnected components through inclusion of distant domains and reconfiguring already 
connected components through local domains. If on top of that, both approaches are not 
only combined but also explicitly linked through the inclusion of components from 
adjacent domains, the rewards will be high in terms of impact. 

The usual limitations of patent data apply, such as that our data represents one 
industry setting, in which patents serve as proxies for inventions. Furthermore, due to data 
limitations we did not distinguish citations made by the patent applicant from citations 
made by the patent examiner (Alcácer et al., 2009), and we only focused on the primary 
patent class of each patent (Benner & Waldfogel, 2008). However, a more fundamental 
limitation of our study refers to its level of analysis, which is the invention, and the fact 
that this makes it hard to derive implications for the firm. The study shows that 
characteristics of inventions matter for impact, which signals the importance of future 
studies on the level of the invention. Nonetheless, it is hard to translate these results 
directly into what they mean for firms. 

Accordingly, we call for future research that bridges firm level studies on 
innovation and invention as well as studies on the invention level such as this one. Studies 
on packages of patents or studies on new product development are two alternatives for 
such a bridge. Specifically on the level of the firm, future research could consider the 
organizational implications for developing a capability that enables firms to bridge three 
different technological domains, namely one near, one adjacent and one distant. Future 
studies could also reflect on what firm-internal capabilities and organizational adaptations 
are required for recombination as well for impact. Moreover, future research could address 
in how far these capabilities can be developed in collaboration with external partners. 
Finally, the effect of developing impactful inventions on a firm’s financial performance is 
the next step to consider. 
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Overall, our study carries an important message for the dominant approach in the 
literature to dichotomize types of inventions. A common denominator underlying the 
different types of dichotomies is that they remain silent on whether they refer to the 
recombination side of inventions or to their impact side. Distinctions between incremental 
and radical inventions and continuous and discontinuous inventions (Henderson & Clark, 
1990; Tushman & Anderson, 1986) seem to point more to the recombination side of 
inventions, whereas the distinction between sustaining and disruptive inventions 
(Christensen, 1997), between evolutionary and revolutionary inventions (Nelson & Winter, 
1982) or between non-breakthrough and breakthrough inventions (Ahuja & Lampert, 2001; 
Phene et al., 2006) seem to point more to the impact side. Conflation of recombination and 
impact leads to lack of analytical clarity and may possibly have led to the development of 
these different types of dichotomies in an attempt to improve transparency. In addition, the 
reliance on these dichotomous distinctions has led to overlooking the phenomenon of 
adjacent inventions. By making the explicit distinction between recombination and impact, 
we have been able to identify this in-between category and have found that it yields the 
highest impact. Accordingly, researchers should reexamine the definitions of different 
types of inventions by identifying the distinctive dimension underlying their definition. 

In terms of managerial implications we find that R&D managers need to be aware 
of the need to develop strategies for creating combinations of local, adjacent and distant 
knowledge components in order to attain technologically impactful inventions. This is in 
contrast to the common idea that the most impactful inventions are highly recombinant 
ones, which combine components from multiple distant technological domains. Our 
findings indicate that managers should specifically focus on the creation of inventions 
based on proximate and distant technologies in combination with a ‘technological bridge’ 
between the two through inclusion of components from adjacent domains. In summary, to 
the extent that a firm’s R&D strategy aims at high impact inventions, managers should 
place more emphasis on carefully nurturing a hybrid capability of thinking within and
across three boxes at the same time - one nearby, one adjacent and one distant. 







61 

Chapter 311

How You Reach and Who You Reach: 
The Role of External Collaboration for Breakthroughs 

Abstract: 
Past research stressed the role of established firms in the creation of breakthroughs next to 
entrepreneurial startups. Although the role of interfirm collaboration has been discussed 
extensively regarding the innovative performance of firms, its importance regarding 
breakthroughs remains understudied. This paper aims to explain how established firms 
create breakthroughs by considering the conceptual ideas of how and who to reach 
through external collaboration. How to reach is illustrated by different firm positions in 
the network structure. Who to reach focuses on attributes of alliance partners that affect a 
firm’s propensity to create breakthroughs. Regarding who to reach, a differentiation is 
made between the diversity of the set of external knowledge resources and the 
breakthrough experience of partners. The empirical setting for this study is the 
biopharmaceutical industry, with a sample that consists of the yearly hundred largest 
companies since 1985. Results indicate that semi-peripheral firms in the industry network 
are most likely to generate breakthroughs as compared to peripheral and central firms. 
Furthermore, the effects of network position and partner breakthrough experience are 
larger in terms of effect sizes than the effect of external knowledge diversity on 
breakthroughs. Conclusively, both how and who you reach are important concerning the 
creation of breakthroughs.

11 An earlier version of this chapter has been presented at the International Open and User 
Innovation Workshop 2013 in Brighton (UK), and during a Research Seminar of the Institute of 
Industrial Management and Innovation Research of the Graz University of Technology in the 
summer of 2013. 
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How You Reach and Who You Reach: 
The Role of External Collaboration for Breakthroughs 

3.1. Introduction 

Many inventions and innovations are created, but only a few of them will become very 
impactful in terms of breakthroughs. Firms gain competitive advantages from creating 
breakthroughs, because they enhance a firm’s reputation and contribute to staying ahead of 
competitors (Ahuja & Lampert, 2001; Andriopoulos & Lewis, 2008). Moreover, once a 
certain technology is the base for many successive technologies, economic benefits are 
also likely to coincide (Harhoff, Narin, Scherer, & Vopel, 1999; Trajtenberg, 1990). 
Several stories about breakthroughs suggest that their discovery is a random process 
forthcoming out of fortunate accidents, like the discovery of Penicillin, the glue for Post-
It’s, Dynamite, and Viagra. On the one hand, firms would simply need to innovate a lot if 
random chance determines the creation of breakthroughs. On the other hand, if firms can 
organize for breakthroughs, firms could build a capability for noticing and exploiting 
opportunities for breakthrough creation (Hargadon, 2003). The assertion that the creation 
of breakthroughs depends mainly on random accidents is challenged in this study by 
investigating several potential antecedents for the creation of breakthroughs. Accordingly, 
this study will first discern whether the creation of breakthroughs is indeed a highly 
random process or whether firms are able to organize themselves for the creation of 
breakthroughs. 

Despite the importance of breakthroughs for firms and industries, there has been 
relatively little research about their antecedents on the firm level, assuming that firms can 
organize for the creation of breakthroughs. The economics of technology and innovation 
informs us that breakthroughs come about through the recombination of knowledge across 
different dimensions (Henderson & Clark, 1990; Nelson & Winter, 1982; Schumpeter, 
1934). That is, combinations of knowledge from different technological domains are more 
likely to become breakthroughs (Nemet & Johnson, 2012; Phene et al., 2006; 
Schoenmakers & Duysters, 2010). Specifically, it has been shown that technology bridging 
and subsequent knowledge recombination are important processes through which 
breakthroughs are created (Hargadon, 2003; Henderson & Cockburn, 1994; Rosenkopf & 
Nerkar, 2001). In addition to the internal organization of R&D (Ahuja & Lampert, 2001; 
Hargadon & Sutton, 1997; Srivastava & Gnyawali, 2011), it has been shown that 
innovative processes take increasingly place between firms instead of solely within firms 
(Chesbrough, 2003; Phelps et al., 2012; Sampson, 2007). A void that remains is the answer 
to the question how firms can reach external knowledge resources that enable 
technological bridging, contribute to recombination, and subsequently to the creation of 
breakthroughs. 
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In this paper we consider two different, but complementary perspectives on how 
firms can gain access to external knowledge for breakthrough creation. First, firms can 
concentrate on how to reach external knowledge. The social network perspective advocates 
the importance of a firm’s position in the network structure for the external organization of 
knowledge (Burt, 1992; Coleman, 1988; Nahapiet & Ghoshal, 1998; Powell et al., 1996). 
Although, the advantages of a central position for innovation in general are widely 
acclaimed in the literature (Dhanaraj & Parkhe, 2006; Powell et al., 1996; Tsai, 2001; 
Whittington et al., 2009), the question is whether being central still qualifies as an asset in 
the context of creating breakthroughs, because central firms might be increasingly subject 
to competency traps as compared to peripheral firms. That is, central firms in the industry 
are unlikely to abandon their established routines and the existing technologies in the 
industry, because of their past experiences (Levitt & March, 1988). Moreover, the past 
successes of industry leaders with familiar and mature technologies may lead to the 
tendency among central firms to overinvest in exploitation and not to pursuit the 
development of breakthroughs (Ahuja & Lampert, 2001; Levinthal & March, 1993). 
Second, firms can concentrate on who to reach, by stressing the importance of having 
access to specific partners and their specialized capabilities (Ahuja, 2000a, 2000b; Dyer & 
Singh, 1998; Gulati & Sytch, 2007; Lavie, 2006; Tsai & Ghoshal, 1998). Regarding the 
idea of who to reach, a differentiation can be made in the characteristics of the alliance 
portfolio, i.e. multiple partners, and the characteristics of individual partners. The first 
aspect regarding who you reach refers to the complete set of knowledge of a firm’s alliance 
portfolio, which is the set of all external partners to which a firm has access (Faems et al., 
2005; Wassmer, 2008). Then, the diversity of the external knowledge base has been shown 
to positively affect the recombinant process that precedes the creation of breakthroughs 
(Srivastava & Gnyawali, 2011). A second aspect regarding who you reach concerns the 
specific characteristics of individual partners. In our case, we will stress that firms may 
benefit more from partners that are experienced in breakthrough creation. By building on 
the network structural perspective and the extended resource based view, this study aims to 
assess whether it is more important how or who to reach in a model that tries to explain the 
role of external collaboration for the creation of breakthroughs. 

Hence, this study contributes by combining network theory and the extended 
resource based view for explaining the creation of breakthroughs. Until now, the structural 
network perspective and the extended resource based view seem to have ignored the other 
view when explaining a firm’s innovation performance. Our study will uncover whether 
the structural network perspective, the extended resource based view, or a combination of 
both can explain the creation of breakthroughs. Furthermore, this study contributes to the 
development of theory about the creation of breakthroughs by showing whether the process 
of breakthrough creation is random or whether strategy can be developed to increase firm’s 
chances for breakthroughs. For managers, our study points to influence of a firm’s overall 
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network position in terms of how to reach, and the influence of partner selection in terms 
of who to reach for breakthroughs. Hence, the relative effects of a firm’s position in the 
network versus effects of specific partner attributes on the creation of technological 
breakthroughs are evaluated against each other. 

For this study, a dataset has been constructed that is based on a sample consisting of 
publicly traded biopharmaceutical companies in the US. The dataset has been created by 
combining publicly available data on strategic alliances and joint ventures, financial 
statements, and patents. The biopharmaceutical industry has been selected, because this 
industry went through several technological transitions with many patent applications, 
alliance activities and capital investments (Rothaermel & Hess, 2007). Moreover, data on 
this industry has been preserved quite well over a longer period in time. The longitudinal 
panel design enables testing which of the theoretical antecedents – i.e. the network 
structural or the partner attributes – contributes more to the creation of breakthroughs. 

The theoretical background about the antecedents for breakthrough creation will be 
explained in the next section. Subsequently, we test our hypotheses and present the results 
of the relative effects of the different independent variables on the ability of a firm to 
create technological breakthroughs. 

3.2. Theoretical background and hypotheses 

3.2.1. Breakthrough inventions 

Technological breakthroughs are considered as important factors that drive competition, 
because they mark a significant change with past and current technologies (Dosi, 1982; 
Nelson & Winter, 1982; Tushman & Anderson, 1986). Creators of breakthroughs gain 
competitive advantages once they succeed in transforming their new combinations 
successfully into technological breakthroughs (Ahuja & Lampert, 2001; McKendrick & 
Wade, 2009; Schumpeter, 1947). The break with past and current technologies comes 
about through the process of recombination (Schumpeter, 1934). Recombination leads to 
the creation of new combinations that consist of existing but before-hand unconnected 
knowledge components (Hargadon, 2003; Henderson & Clark, 1990). Then, new 
combinations of knowledge, which comes from multiple technological domains carry more 
novelty value and are more likely to become breakthroughs in terms of their technological 
impact (Phene et al., 2006). Specifically, unique combinations of both closely related and 
disparate knowledge components have a higher propensity to gain impact and to turn into 
technological breakthroughs (Dahlin & Behrens, 2005; Nemet & Johnson, 2012; 
Schoenmakers & Duysters, 2010). In this study, the impact is defined as the extent to 
which a technology serves as one of the sources for the development of many successive 
technologies (Ahuja & Lampert, 2001). 
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We know from the previous chapter that new combinations of knowledge from 
near, adjacent, and distant technological domains are most likely to become breakthroughs, 
but we know less about the organizational antecedents for breakthroughs. That is, the 
process of breakthrough creation is often mystified by stories on accidents and 
randomness. Challenging the assumption of this random process, previous research has 
indicated that firms are able to develop strategies that trigger the development of a 
capability to create breakthroughs. Specifically, firms need to bridge technologies across 
different domains in order to create new combinations with high novelty value that has 
potential for becoming a breakthrough. For example, Ahuja & Lampert (2001) showed 
evidence for internal R&D strategies that can help firms to create breakthroughs by 
overcoming the competency traps of staying with the familiar, the old, and the near 
technologies. Next, Srivastava & Gnyawali (2011) supported the benefit of technology 
bridging by showing positive effects of both internal and external knowledge diversity of a 
firm on its number of breakthroughs. Beyond internal knowledge and R&D, access to and 
assimilation of external knowledge has become utterly important considering that 
technology bridging is often seen as the start of breakthroughs (Hargadon, 2003). Hence, 
we know that firms can internally organize for breakthroughs, and this study will show the 
role of external collaboration for the creation of breakthroughs. 

3.2.2. External knowledge and breakthroughs 

Although firm’s internal research and development is essential, external collaboration as a 
mode of technology sourcing has gained recently some research attention as important 
antecedents for creating breakthroughs (Singh & Fleming, 2009; Srivastava & Gnyawali, 
2011). In addition to the internal R&D, firms increasingly decide to move beyond their 
organizational boundaries in order to search for valuable knowledge and information 
(Laursen & Salter, 2006; Phene et al., 2006; Rosenkopf & Nerkar, 2001; Stuart & Podolny, 
1996). The interest in external collaboration demonstrates that the firm’s internal 
knowledge base is still a necessary condition as part of the absorptive capacity, but not 
always a sufficient condition for novel recombination and creating breakthroughs. 
Moreover, interfirm collaboration and the network form of organization has profoundly 
impacted the way in which firms create innovations (Dhanaraj & Parkhe, 2006). 

Strategic alliances and joint ventures are one of the governance modes that firms 
increasingly use for accessing external knowledge for innovation (Anand & Khanna, 2000; 
Eisenhardt & Schoonhoven, 1996; Hagedoorn, 1993; Mowery et al., 1996). Through 
collaborative research and development agreements, direct partners provide each other 
with access to their knowledge and information on the technologies of their expertise 
(Ahuja, 2000a; Faems, Janssens, & Van Looy, 2007). These direct partners and their 
knowledge are referred to as the firm’s external knowledge resources (Powell et al., 1996; 
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Srivastava & Gnyawali, 2011). Complementarities between knowledge bases enable firms 
to access and develop a broader knowledge domain and leverage the competency to also 
recombine more distant technologies. Interaction between employees of partnering firms 
enables the flow of tacit knowledge on how their technologies can be used. This in-depth 
knowledge about each other’s technologies will then be available to both firms. Hence, the 
sharing of divergent complementary knowledge components is needed for both partners in 
order to create valuable innovations (Ahuja, 2000a). 

Especially the creation of breakthroughs requires technology bridging (Hargadon & 
Sutton, 1997). The chances for recombination across domains are enhanced by technology 
bridging, because bridging exposes an organization to the flow knowledge and information 
within other worlds (Hargadon, 2003). For example, it has been shown that bridging firms 
between different technological domains may benefit from their opportunities to create 
unique combinations (Hargadon & Sutton, 1997). Bridging links organizations to multiple 
worlds rather than embedding them deeply within any one. Then, technological bridging is 
a means to stay away from the competency traps that maintains existing organizations and 
industries locked into their current existing practices (Ahuja & Lampert, 2001). The 
strategy is not only to develop in-depth knowledge within a given field but, at the same 
time, develop the capability to take that knowledge apart and combine it with knowledge 
from other fields in new ways. Although literature has found enough evidence for the 
necessity of technological bridging in the pursuit of breakthroughs, the question remains 
whether how or who to reach is more important in obtaining new knowledge. How you 
reach is defined as a firm’s position in the network structure. Who you reach is defined as 
the characteristics of a firm’s alliance partners individually (dyadic) and collectively 
(alliance portfolio). These notions of how and who to reach reflect a social network 
perspective concentrated on a firm’s network position and the extended resource based 
view with a focus on the alliance portfolio and partner attributes (Borgatti & Foster, 2003; 
Lavie, 2006). 

First, social network theory on technological bridging, such as structural holes 
theory (Burt, 1992) and theory on the strength of weak ties (Granovetter, 1973), asserts 
that firms will benefit from certain positions in the network and refers to the concept of 
how to reach external knowledge. However, this perspective does not pay attention to 
specific partner attributes (Borgatti & Halgin, 2011). Network theorists state that firms and 
their performances are influenced by the social context in which they are embedded, and 
that the network position of a firm influences its actions and outcomes (Gulati, 1998). 
Essentially, social network scholars link their arguments regarding technological bridging 
to the idea of how external knowledge is reached. For example, structural holes theory 
argues that access to novel non-redundant knowledge can be achieved by bridging a 
structural hole – i.e. being in between two unconnected partners – that centrally located 
firms are more likely to do (Burt, 2004). That is, organizations are more likely to find 
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valuable and novel information from those with whom they have weak ties, when weak 
ties are understood as the absence of common partners. Hence, access to non-redundant 
knowledge can be achieved by bridging a structural hole – i.e. being in between two 
unconnected partners –, thereby assuming that the two unconnected partners provide 
access to different knowledge (Borgatti & Foster, 2003). How external knowledge is 
reached, in terms of the network position, is already shown to affect an organizations 
innovative performance in general (Gilsing et al., 2008; Rowley, Behrens, & Krackhardt, 
2000; Schilling & Phelps, 2007). Then, central firms may be more vulnerable to 
competency traps and the Not-Invented-Here syndrome whereas peripheral firms may lack 
the access to resources (Ahuja & Lampert, 2001; Katz & Allen, 1982). Subsequently, we 
question which network position is advantageous for breakthrough creation? 

Besides the antecedents related to a firm’s position in network structure, there is a 
stream of literature that urges for the inclusion of effects from partner attributes on firm 
performance dimensions (Lavie, 2006; Sampson, 2007). Specifically, the selection of 
specific partners for gaining access to their knowledge resembles the concept of who to 
reach. Differences in external knowledge characteristics may explain differences in 
opportunities for breakthrough creation, because we know that breakthroughs themselves 
differ significantly in their degree of recombination from many incremental innovations. 
The extended resource based view of the firm states that firms will benefit from having 
access to the resources from their partners, while ignoring a firm’s position in the network 
structure (Dyer & Singh, 1998; Lavie, 2006). Within the concept of who to reach we 
differentiate between the characteristics of a firm’s alliance portfolio and the attributes of 
individual alliance partners. For example, the external knowledge diversity of a firm as a 
characteristic a firm’s alliance portfolio is beneficial for the creation of breakthroughs, 
because it facilitates the concurrent use of diverse sources of external knowledge 
(Srivastava & Gnyawali, 2011). 

The question remains to what extent a firm’s position in the network and to what 
extent partner attributes affect opportunities for technology bridging and breakthrough 
creation. The access to and assimilation of external knowledge for recombination and the 
increase in chances of developing breakthroughs is joined by a discussion on the effects of 
a firm’s position in the network structure and specific external knowledge characteristics. 
The network positional effect is conceptualized by the notion of how external knowledge is 
reached, whereas the knowledge characteristics of the external partners and their effects on 
breakthrough creation are portrayed by the concept of who is reached. We firstly discuss 
the effect of how to reach external knowledge and secondly go over the importance of who 
is reached in terms of knowledge characteristics of the alliance portfolio and of individual 
partners. 
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3.2.3. Hypotheses 

3.2.3.1. How to reach: network position 

Beyond the importance of internal R&D, scholars have argued for the inclusion of network 
position as a possible factor explaining the innovative performance of firms (Dhanaraj & 
Parkhe, 2006; Gulati, 1998). The network position of a firm refers to a firm-level 
characteristic related to the network structure, which is determined by the direct and 
indirect relationships. The network is then comprised of the set of firms and their 
relationships among each other within a certain industry12. The network position of a firm, 
by taking into account both direct and indirect partners, was found to be important for 
innovation in general (Ahuja, 2000a; Schilling & Phelps, 2007). However, its effect on 
technological breakthroughs has been neglected thus far. 

Central network positions in innovation networks are often associated with 
information and control benefits, which are beneficial for innovation in general. For 
breakthroughs a similar argument can be made. That is, central firms have an advantage 
regarding the attraction of knowledge and information. Specifically for breakthroughs, it is 
argued that central firms are more powerful and influential in attracting non-redundant 
knowledge with higher novelty value and the potential for breakthroughs. Moreover, 
central firms become better informed about the activities in the network as they are often at 
the intersections of knowledge flows. Subsequently, central firms are better in selecting 
non-redundant partners and attractive enough for these potential partners to form an 
alliance with (Gnyawali & Madhavan, 2001). By managing the knowledge flows within 
the network central firms are better able to create alliances with partners that give access to 
non-redundant knowledge and information. Thereby central firms are able to manage the 
knowledge flows in the network and filter out the non-redundant knowledge which 
accordingly increases their chances for breakthroughs. 

Furthermore, being central enables a firm to reach all other actors in the network 
efficiently. This relates to another benefit of being in a central position in the network 
structure, which is associated with a higher visibility of central firms. A higher visibility 
results into a reputation and status advantage for central firms. Then, non-central firms will 
closely observe central players and may adapt to their activities. Non-central firms will not 
only wait until they receive information about the latest innovations, but will consciously 
observe what the central players are doing. Having a central position increases the 
likelihood that a firm’s innovations will be adopted by non-central firms in subsequent 
technological developments, also enhanced by the management of knowledge flows 
through central firms. The impact of innovations becomes larger when these are adopted 
and reused in subsequent recombination processes. Hence, a central position increases firm 

12 Our definition of the overall network is thus defined by the industry, so that every industry has its 
own network. 
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visibility that helps to spread information about their innovations to many other firms in 
the network, which leverages the likelihood that these become technological 
breakthroughs. Therefore, the innovations of central players may be more likely to become 
breakthroughs than innovations created by non-central firms. 

The arguments above suggest many benefits for central firms in terms of 
technology bridging and impact generation. However, being central comes at a price, 
because there is a significant dark side of being central in an industry network regarding 
the creation of breakthroughs. We argued before that central firms are more likely to select 
partners with non-redundant knowledge. When too much non-redundant knowledge comes 
to the firm, this might cause a cognitive overload for a firm which then becomes difficult 
to absorb and integrate (Ahuja & Katila, 2004; Fleming & Sorenson, 2001). Although non-
redundant knowledge may increase the chances for valuable combinations, a too random 
drift in search for novelty does not congruence with the process of technology bridging. 
The latter is merely the coordinated search for valuable knowledge combinations that cross 
boundaries. Furthermore, central firms will also have the burden of managing quite some 
redundant ties besides their non-redundant relationships. Having access to both redundant 
and non-redundant alliance partners brings the costs of maintaining these relationships and 
carries hazards along. That is, central firms will have to manage more non-redundant 
knowledge that will come at higher pace as compared to less central firms (Gnyawali & 
Madhavan, 2001). Both the redundant and especially the non-redundant ties will require 
time and resources that cannot be allocated for integrating the knowledge and making 
valuable combinations with a potential for breakthroughs (Gilsing et al., 2008). Hence, 
both the cognitive overload as well as time and resource constraints may inhibit central 
firms to create potential breakthroughs. 

Besides the fact that centrally located firms may not be cognitively capable of 
developing breakthroughs, they may also not be willing to create breakthroughs. The past 
performance of actors is positively related to the centrality of the current position of these 
actors in the network structure (Lee, 2009). Successful firms are increasingly attractive for 
other firms to collaborate with, which in turn will lead these firms to a more central 
network position(Powell et al., 1996). Then, the stronger the past performance of firms, the 
more central firms are in the network and the more likely these firms will be focused on 
protecting their current position at the expense of searching for and developing promising 
new technologies (Amason & Mooney, 2008). Put differently, central firms, as a proxy for 
successful firms, are more willing to remain the status quo and their current network 
position based on their past successes than to create breakthroughs. Moreover, these central 
firms are more likely to suffer from competency traps. They may prefer their established 
routines and favor familiar, mature, or closely related technologies over the 
experimentation with new ones (Ahuja & Lampert, 2001; Levitt & March, 1988). Hence, 
these competency traps may be the result from a feedback loop of a firm’s past 
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performance on current decision making about whether or not to search for new 
technological opportunities. That is, central firms are more likely to build on their past 
performance instead of searching for new opportunities, because they do not want and do 
not feel the need to pursue the creation of breakthroughs. Furthermore, these central firms 
may have been able to drive the technological trajectory in the past, but in the long run, 
these firms may fail the capability to respond to newer technologies (Levinthal & March, 
1993). In other words, being captured deeply in an industry through a central position as a 
result of past successes may withhold central firms from creating breakthroughs. 

In addition, central firms with successful past performance records may not be 
“willing to cannibalize”, perhaps even more than organizations that are in a less central 
network position (Chandy & Tellis, 2000). Put differently, breakthrough innovations could 
replace existing technologies, through which central firms obtain most of their income. 
Subsequently, central firms are less likely to pursuit the creation of breakthroughs than 
their peripheral counterparts. Accordingly, central firms may not be in the position and 
they might not even be willing to create breakthroughs. Central firms often exploit and 
defend their network positions and the status quo by actively suppressing alternative 
innovations that threaten to dramatically change the technological landscape (Amason & 
Mooney, 2008). The transformation from innovative organizations that create 
breakthroughs to defenders of the status quo reveals the paradox inherent in many firms. 
The network position necessary for bridging distant worlds and creating new combinations 
that have the potential for breakthroughs may be different than the network position 
associated with incrementally changing existing technologies. In turn, the network position 
necessary to orchestrate a network of innovation is not the same as the network position for 
bridging technologies (Dhanaraj & Parkhe, 2006). 

Combining the pro and contra arguments for central firms in the network, the 
question becomes which network position is most beneficial for breakthroughs. Peripheral 
firms are less likely to access diverse non-redundant knowledge. Furthermore, firms in the 
periphery of the network do not have the information, control and status benefits of central 
firms whose innovations are more likely to be noticed by other players. As peripheral firms 
do not have access to non-redundant knowledge to the same extent as central firms, they 
will not run into cognitive overload or resource constraints. Moreover, even when 
peripheral firms may be willing to create breakthroughs and change the innovation 
network, they will not have the combinatory opportunities to do so. This suggests that 
firms in the middle – i.e. between peripheral and central firms – may be in the best position 
to develop technological breakthroughs. Such semi-central or semi-peripheral firms may 
be able to balance between attracting different sources of non-redundant knowledge 
without cognitive overload or resource constraints. Moreover, these firms in between the 
center and periphery of the network enjoy some level of visibility, which contributes to the 
dispersion of information about their technological discoveries throughout the network so 
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that these are more likely to become breakthroughs. In addition, semi-peripheral firms 
compete with central players by introducing breakthroughs, which in turn will affect the 
network structure (Madhavan, Koka, & Prescott, 1998). Conclusively, both central and 
peripheral firms in the industry network are less likely to create breakthroughs as 
compared to firms in between the center and periphery of the network. Accordingly, the 
following hypothesis is formulated: 

H1. There is an inverted-U shaped relationship between a firms overall network 
centrality and the creation of breakthroughs. 

3.2.3.2. Who you reach: external knowledge diversity 

Besides the position of a firm in the overall network structure, literature has urged for the 
inclusion of partner characteristics (Brass, Galaskiewicz, Greve, & Tsai, 2004; Lavie, 
2006). Because of the distinctive nature of breakthroughs compared to incremental 
innovations, it is important to include variables that reflect partner attributes and the 
characteristics of external knowledge in a model that explains the creation of 
breakthroughs. Effects from these variables resemble the external resource based view of 
the firm besides network structural effects as emphasized by social network theory (Lavie, 
2006). The resource based view of the firm argues that the control over critical resources 
positively influences organizational performance (Barney, 1991). The creation of 
technological breakthroughs requires recombination of knowledge across domains which 
can be achieved via access to different knowledge sources. The knowledge based view of 
the firm emphasizes that the individuals within the organization possess tacit knowledge 
and are together able to create new combinations (Grant, 1996). These combined 
knowledge resources resemble an organization’s ‘combinative capabilities’ as the 
organization’s ability to recognize opportunities for recombination of internal knowledge 
(Kogut & Zander, 1992). As the diversity of the external knowledge resources increases, so 
will the number of opportunities for knowledge recombination. Accordingly, the likelihood 
that firms, which have access to a diverse range of knowledge domains, create 
breakthroughs also increases. 

Next to the network position of a firm, the importance of diversity in the external 
knowledge resources is considerable concerning the creation of radical innovations and 
breakthroughs (Laursen & Salter, 2006; Sampson, 2007; Srivastava & Gnyawali, 2011). 
Firms can influence this external knowledge diversity to the extent that they are able to 
select its direct alliance partners and to manage their portfolio of alliances (Faems, 
Janssens, & Neyens, 2012; Hoffmann, 2007). In other words, firms can decide who to 
collaborate with, and carefully decide on partners that complement each other and provide 
access to a diverse set of knowledge resources (J. A. C. Baum et al., 2010; Cowan et al., 
2007). Results from previous studies are rather mixed, because an inverted-U shaped 
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relationship is found between external knowledge diversity and innovation performance in 
general (Sampson, 2007), whereas a positive relationship is found between the external 
knowledge and the rate of breakthroughs (Srivastava & Gnyawali, 2011). Furthermore, it 
was shown that firms can use technology management tools as internal and external 
technology audits in order to get a better understanding of the future technological 
trajectories. In turn, these technology management tools have shown to change a 
curvilinear effect of alliance portfolio diversity into a positive effect for the creation of 
radical innovations (Oerlemans, Knoben, & Pretorius, 2013). Subsequently, we expect 
increased external knowledge diversity to lead to increased opportunities for the creation of 
breakthroughs for firms that are in the pursuit of breakthroughs, because such firms will 
increasingly use these technology management tools. Then, external knowledge diversity 
does not automatically lead to breakthroughs, but having access to diverse knowledge will 
trigger the chances to create breakthroughs. By having access to diverse knowledge 
domains, organizations increase their chances of seeing how the best technologies in one 
domain might be useful in another. Put differently, through increased levels of external 
knowledge diversity, firms are better able to take the best and leave the rest (Hargadon, 
2003). In line with these earlier lines of research we expect a positive relationship between 
external knowledge diversity and the creation of breakthroughs. 

H2. There is a positive effect of external knowledge diversity on the creation of 
breakthroughs. 

3.2.3.3. Who you reach: Partner breakthrough experience 

Besides the external knowledge diversity, which takes into account the diversity of the set 
of knowledge resources within the entire alliance portfolio, we include another partner 
attribute variable that reflects the experience individual partners have with the creation of 
breakthroughs. The main argument for including this partner attribute is based on the 
existence of breakthrough creating companies such as Edison’s laboratory, Design 
Continuum, and IDEO, a product design firm (Hargadon & Sutton, 1997; Hargadon, 
2003). These breakthrough creating companies were characterized by being embedded in 
multiple technological domains and having experience with technology bridging, as having 
access to unconnected partners with different knowledge. Notwithstanding the importance 
of technology bridging as illustrated in the first two hypotheses on network position and 
external knowledge diversity, these companies suggest the existence of a capability for 
breakthrough creation. Again challenging the randomness of breakthrough creation, these 
companies essentially show that breakthroughs can be developed on a less random base 
than regularly assumed. Edison stated himself that he wanted to create an incremental type 
of innovation every ten days, and a breakthrough every six months (Hargadon, 2003, p. 3), 
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which is not in line with a random accidental nature of breakthrough creation. Instead, 
these examples propose the existence of the capability to create breakthroughs. 

Besides knowledge and information about technologies, also tacit knowledge about 
certain capabilities may flow between alliance partners. Argote & Miron-Spektor (2011) 
review the literature on organizational learning and summarize that past experiences in 
firms become translated into knowledge and capabilities. Although most of the literature 
on organizational learning focused on organizations that learn from their own experiences, 
another interesting research question is pointed out in terms of organizational learning 
from alliance partners (Levitt & March, 1988). Then not only the transfer of knowledge 
about technologies, but the transfer of knowledge in terms of capabilities is a research area 
that is opening up in studies on knowledge transfers between existing firms and 
entrepreneurial ventures (Cattani, 2005; Dencker, Gruber, & Shah, 2008). Hence, we 
expect that a capability to create breakthroughs can be learned by firms from their alliance 
partners. Put differently, organizations may learn from alliance partners that created 
breakthroughs in the past. Then, the more breakthroughs partners created, the better they 
developed a capability for breakthrough creation, and the more partnering organizations 
are able to learn this capability and create breakthroughs themselves. 

Another follow-up argument is that partners with breakthrough experiences will 
possess knowledge of higher quality. Having access to knowledge of higher quality will 
then positively influence a firm’s ability to create subsequent technological breakthroughs 
because of several reasons. First, the recombination of high quality knowledge from 
previous breakthroughs is more likely to result in subsequent breakthroughs, because ideas 
that work well in one context are also likely to work well in other context with minor 
adjustments (Cattani, 2005; Hargadon, 2003). Second, higher quality inputs for 
breakthrough creation are mostly joined with increased reliability of these inputs in terms 
of functioning, because other innovations have been building on these earlier 
breakthroughs as well. Third, recent experience with breakthroughs by partners that 
resemble high quality innovations will be beneficial for a firm, because it was found that 
recent experiences are more valuable for organizational learning than experience acquired 
further in the past (Argote, Beckman, & Epple, 1990; Baum & Ingram, 1998; Benkard, 
2000). Finally, partners with breakthrough experiences are more likely to be interested in 
the further pursuit of breakthroughs, so that goals between alliance partners are more likely 
to be aligned and conflict is less likely to arise. Hence, because the possible existence of a 
capability to create breakthroughs and a higher quality of the external knowledge 
resources, the following hypothesis was formulated: 

H3. There is a positive effect of partner breakthrough experience on the creation 
of breakthroughs. 
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The following section describes the empirical background of the study and the 
operationalizations of the variables. 

3.3. Data and methods 

3.3.1. Empirical background 

The biopharmaceutical industry was selected as the empirical background for this study for 
a number of reasons. First, biotechnology is a high tech industry that has developed 
techniques that are applicable in a range of subsectors such as therapeutic and diagnostic 
pharmaceuticals, agriculture, and chemicals (Folta, 1998; Sorensen & Stuart, 2000). Then, 
it has shown to be an industry that has undergone quite some technological transitions 
since the 1980s (Gambardella, 1995). The creation of inventions is clearly very high 
according to the increasing number of patent applications in this industry (Hall et al., 
2001). Second, strategic alliances and joint ventures as a means for external technology 
sourcing are frequently formed in this industry for the search of complementary knowledge 
resources (Hagedoorn, 1993, 2002). Finally, this industry is well known for its good 
preservation of information, which has enabled scholars before to construct a panel design 
data set and trace multiple companies on multiple dimensions over time without having 
high numbers of missing values. 

3.3.2. Data 

Data for this study were obtained from different publicly available data sources. Financial 
firm data about the number of employees, sales, and R&D expenditures were retrieved 
from Compustat US. This was the starting point for our sampling procedure described 
below. The result was that our study concentrates on publicly traded companies in the US, 
which is often used as the sampling framework for research on established firms (Lavie & 
Miller, 2008; Srivastava & Gnyawali, 2011). Data on strategic alliances and joint ventures 
was retrieved from SDC Platinum by Thomson Reuters. Data from SDC has been used in 
many studies before for answering research questions regarding interfirm collaboration and 
innovation (Sampson, 2007; Schilling & Phelps, 2007). The benefits of using SDC data are 
numerous and have shown to be reliable for the investigation of interfirm relationships and 
networks when compared to other data sources (Schilling, 2009). Especially, in the 
biopharmaceutical industry the trends across a variety of databases on alliances and joint 
ventures are very similar which increases the validity of our study as we determine the 
position of each firm in the interorganizational network. Because the focus in this study is 
on established firms, whose alliances are generally recorded in SDC, we are confident that 
the interfirm networks based on SDC data are a good representation of the overall industry 
network structure. Only R&D alliances and joint ventures were taken into account as 
determining the network of interfirm collaboration for explaining the creation of 



75 

breakthroughs. The description of alliance type is fairly accurate within SDC (Anand & 
Khanna, 2000). In most cases, SDC does not report termination dates of alliances and joint 
ventures. In line with previous research (Gulati & Gargiulo, 1999; Padula, 2008; Stuart, 
2000), we assumed duration to be five years and conducted sensitivity analyses using four 
and three year duration (Schilling & Phelps, 2007; Stuart, 2000). Furthermore, alliance 
projects between more than two firms were converted into a set of dyadic relationships 
(Ahuja, 2000a). Finally, patent data from the USPTO, through the NBER patent project, 
was used to for the operationalizations of technological breakthroughs and several other 
variables (Hall et al., 2001). The use of patents from only the US ensures consistency of 
results due to comparability between firms (Griliches, 1990). Moreover, it is demonstrated 
that US patents are a good data source for the measurement of innovation, because most 
large firms apply for patent protection of the same invention simultaneously at different 
patent offices across the globe. Accordingly, also international companies apply for patents 
in the US (Ahuja & Katila, 2001). Therefore, we think that US patents will capture most if 
not all of the inventions created by the established firms in this study. 

3.3.3. Sample 

In order to capture the established firms in the biopharmaceutical industry the following 
sampling procedure was used. We selected all publicly traded US biopharmaceutical firms 
alive between 1985 and 2010 by using standard industry classification codes: ‘2833’ 
(medicinal chemicals & botanical products), ‘2834’ (pharmaceutical preparations), ‘2835’ 
(in vitro & in vivo diagnostic substances), ‘2836’ (biological products, (no diagnostic 
substances)), and ‘8731’ (services – commercial physical & biological research) 
(Dushnitsky & Lenox, 2006; Gunther McGrath & Nerkar, 2004; Rothaermel, 2001; 
Schilling & Phelps, 2007; Vanhaverbeke, Gilsing, & Duysters, 2012). Subsequently, we 
took yearly between 1985 and 2010 the hundred largest firms in terms of their number of 
employees. The selection criterion was set to the number of employees instead of sales or 
assets. Especially new biopharmaceutical firms might do well in terms of innovative 
outcomes, but do not generate any sales for long periods of time (Robbins-Roth, 2000; 
Rothaermel & Deeds, 2004). Moreover, reaching a sample based on the top hundred firms 
regarding sales or assets would lead to an overlap of at least 70% with our sample based on 
employees. Besides not sampling based on assets or sales we did not want to sample on 
patents nor on alliances as these would be related to the independent and dependent 
variables. Consequently, we think that sampling on the number of employees is suitable to 
determine the established biopharmaceutical firms. The boundary condition of the hundred 
largest firms yearly seems valid, knowing that these firms accounted for more than 97% of 
all employees that were working in one of the publicly traded biopharmaceutical firms 
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recorded in the Compustat database. The final sample is composed of 281 firms for which 
several matching procedures with other databases were carried out. 

Matching the sampled firms from Compustat with the patent assignees was done 
through a dynamic matching table of the NBER patent data project (Hall et al., 2001). 
NBER has created a matching table for public use that matches Compustat identities with 
patent assignees. Compustat data are on the corporation level, so that sometimes multiple 
assignees are matched with one firm from Compustat. This happens for example when 
subsidiaries of the corporate firm had applied for patents instead of the corporate 
headquarters. The sampled firms were granted a total number of 49.049 unique patents 
between 1985 and 2006. The matching procedure between Compustat and the alliance data 
from SDC was carried out along three lines. First, a name matching procedure was 
conducted between the names of the sampled firms from Compustat and the names of the 
ultimate parent corporations of alliance participants. Second, the cusip codes (Committee 
on Uniform Security Identification Procedures) of the firms from Compustat were matched 
with the cusip codes of the mother corporations in SDC. The results of these matching 
procedures were compared especially in case that there was a name but no cusip match or 
vice versa. Where differences appeared further investigation was done into the matching 
by independent researchers who thereafter agreed upon in- or exclusion of the specific 
matches. Finally, a third matching step was taken by identifying key words from the firm 
names in Compustat. This was also done independently by two researchers. Next, these 
keywords were agreed upon and searched for in the names of the ultimate parent 
corporations of the alliance participants in the SDC data. Also these results were manually 
checked whether the firm in Compustat matched the alliance participant found in SDC and 
what might have caused the non-finding of these records through the full name and cusip 
matching procedures done before. The number of unique alliances totaled up to 487 R&D 
alliances and joint ventures between the sampled firms between 1985 and 2010, and 320 
between 1990 and 1997. 

3.3.4. Dependent variables 

Breakthroughs: In line with previous studies, the breakthroughs were measured as those 
biopharmaceutical patents that belong to the top 2 % of patents with the highest number of 
forward citations (Ahuja & Lampert, 2001; Phene et al., 2006; Srivastava & Gnyawali, 
2011). Biopharmaceutical patents were determined through the three digit USPTO 
classification system in which the following classes reflect biopharmaceutical patents: 424, 
435, 436, 514, 530, and 800 (Phene et al., 2006; Rothaermel & Hess, 2007; van de Vrande, 
Vanhaverbeke, & Duysters, 2009). In order to control for year effects, the top 2% was 
yearly determined by taking into account the citations received from patents that were 
applied for within five years after the grant year of the breakthrough patent (Gilsing et al., 
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2008). For example, a biopharmaceutical patent, which was granted in 1992 and received 
more than 31 citations in the five years thereafter, was determined to be a breakthrough. 
The breakthroughs were determined for the years between 1990 and 1997, because the data 
contained information on patents granted until 2006. As explained above, we needed to 
take into account the two year time lag between the year of application and the grant year 
of a patent as well as the window of five years in which forward citations were received. 
The resulting variable as the number of breakthroughs is an integer, non-negative count 
variable that is highly skewed. For the latter reason, this count measure was used for 
robustness and a dummy variable was constructed on whether or not a firm has created a 
breakthrough in a particular year where ‘1’ means that a firm created a breakthrough and 
‘0’ otherwise. 

3.3.5. Independent variables 

Network position: From the alliances and joint ventures, yearly interfirm networks were 
constructed, which has frequently been done in previous studies - e.g. (Gilsing et al., 2008; 
Schilling & Phelps, 2007). Due to our sampling strategy the boundary of the network of 
biopharmaceutical firms was restricted by the characteristics of these firms, i.e. belonging 
to the top hundred in terms of employees from 1985 until 2010. Being aware of the 
existence of measurement error due to the boundary specification, there is substantive 
support for the validity and reliability of each of the variables based on the network data 
(Marsden, 1990). First, our sampling was not based on whether or not firm had alliances, 
but on a different data source. Second, public firms are required to report collaborative 
activities in their annual reports, which are generally picked up by SDC. Third, the yearly 
networks consisted generally of one component, several triads and dyads, as well as 
isolates, which confirms previous illustrations of innovation networks as a low-density, 
high-centrality subset of a network that goes across industries (Dhanaraj & Parkhe, 2006). 

In order to capture the position of the firm in the industry network we used the 
measure for betweenness centrality (Freeman, 1978). It captures the extent to which a firm 
is in between any pair of firms in the overall biopharmaceutical industry network. Then, 
the measure represents the extent to which a firm is centrally located in the alliance 
network. It is based on the number of geodesics or shortest paths between any pair of 
firms, on which the focal firm is located. This measure goes beyond the mere number of 
direct alliance partners, as it takes also indirect partners into account. Betweenness 
centrality is often used as a measure of the influence the firm has regarding knowledge and 
information flows throughout the alliance network. Firms, which are in between many 
pairs of other firms, have a central position that enables them to select partners with novel 
information, because they can eventually reach all firms in the network (Gilsing et al., 
2008). In turn, firms that are in between many other firms are more visible in the network, 
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and an attractive partner to collaborate with. Furthermore, central firm have better control 
over the knowledge flows as they can manipulate, withhold, or even distort these flows and 
promote their own innovations in particular (Freeman, Borgatti, & White, 1991; Madhavan 
et al., 1998). In line with previous research, we think that betweenness centrality is a good 
representation of the structural position in the interfirm network. As innovation networks 
are characterized by low density and high centralization, the variable is skewed with most 
firms in the periphery and a few firms in the center of the network (Dhanaraj & Parkhe, 
2006). Because of this skewness and high values for central players, the original values 
were divided by 1000. As robustness check, we also conducted analyses with the 
standardized values of betweenness centrality. For comparison of the values of the 
betweenness centrality measure across years, the standardized value can be used as a 
fraction of a firms betweenness centrality compared to the sum of betweenness centrality 
scores in a particular year (Gilsing et al., 2008). 

External knowledge diversity: For the diversity of the external knowledge, all 
patents applied for by the direct partners of a firm in the five years before were taken into 
account. Then, the herfindahl index of concentration of the patent stock of the direct 
partners across three-digit patent classes was computed. There are around 400 patent 
classes among which the patents of alliance partners are distributed. The more the patents 
from alliance partners are scattered equally among different classes, the higher the value of 
the index which ranges from ‘0’ to ‘1’ (Srivastava & Gnyawali, 2011). 

Partner breakthrough experience: It is shown in the literature on organizational 
learning that past experiences in firms become translated into knowledge and capabilities 
(Argote & Miron-Spektor, 2011). Accordingly, the capability of breakthrough creation 
could be transferred between alliance partners as it is shown in studies on knowledge 
transfers between existing firms and entrepreneurial ventures (Cattani, 2005; Dencker et 
al., 2008). Partner breakthrough experience was measured by taking the number of 
breakthroughs created by all alliance partners in the five years prior to the year of 
observation. Breakthroughs were determined in line with the dependent variable as those 
biopharmaceutical patents that belong to the top 2 % of patents with the highest number of 
forward citations (Ahuja & Lampert, 2001; Phene et al., 2006; Srivastava & Gnyawali, 
2011). 

3.3.6. Control variables 

Firm patenting experience and firm breakthrough experience: We used a couple of control 
variables in our analyses. First, we controlled for the patenting experience of firms, 
because firms that have patented more in the past may be more likely to patent in the future 
and therefore create breakthroughs. The patenting experience of firms was measured by 
taking the number of biopharmaceutical patents applied for by the firms in the five years 
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before the observation period (Schilling & Phelps, 2007). This firm fixed-effect captures 
the propensity for patenting which can be due to other differences between firms and 
therefore counters possible unobserved heterogeneity (Blundell, Griffith, & Reenen, 1995; 
Griliches, 1990). Interestingly, a significant positive effect of this variable on breakthrough 
creation would suggest that breakthrough creation might indeed be a random process 
through simply patenting a lot. This would imply that there is no capability for creating 
breakthroughs. The idea behind this variable is based on the existences of breakthrough 
creating companies such as Edison’s laboratory, Design Continuum, and IDEO, a product 
design firm (Hargadon & Sutton, 1997; Hargadon, 2003). These companies might illustrate 
the existence of a capability for breakthrough creation. In order to differentiate between the 
random component for creating breakthroughs with the patent experience fixed effect, we 
also included a capability component by using a breakthrough experience fixed effect 
(Ahuja & Lampert, 2001). The breakthrough experience fixed effect was measured by the 
number of breakthroughs obtained by a firm prior to the period of observation (prior to 
1990). The function of both measures is twofold. First, we control for unobserved 
heterogeneity by including firm fixed effects as the creation of breakthroughs may come 
forth out of unobserved firm characteristics. Second, a significant effect of one or both 
variables informs us whether the creation of breakthroughs is rather random, or whether 
firms can develop a capability for breakthrough creation. 

Other controls: We also controlled for firm size by taking the number of employees 
(in thousands) (Katila & Ahuja, 2002; Powell et al., 1996; Rothaermel & Deeds, 2004). 
The annual sales in billions of U.S. dollars of a firm were included as a proxy for the 
financial performance of firms (Ahuja & Lampert, 2001). It was shown differences in 
incomes between firms may be associated with a variation in incentives to create 
breakthroughs (Henderson, 1993). Also the expenditures of firms on research and 
development in billions of U.S. dollars were taken into account as a valuable explanation 
for differences in the innovative performance of firms. Furthermore, industry segment fixed 
effects were included in the analyses. These dummy variables were determined by the 
standard industry classification codes to which each firms was assigned in the Compustat 
database. This enabled the control for unobserved factors that affect the creation of 
breakthroughs and are particular to certain industries. Finally, we also included year 
dummies in our analyses. 

3.3.7. Analyses 

The final panel dataset is unbalanced. For the dependent variable breakthrough creation, 
we used a longitudinal logit regression model. We used random effects modeling, because 
the Hausman specification test indicated there was no statistical difference between the 
random effects and fixed effects models (Hausman, 1978). Furthermore, the random 
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effects model is most efficient and firm fixed effects of patenting and breakthrough 
experience were dropped in fixed effects models due to the entrance of firm specific 
intercepts. In order to check the robustness of our findings, fixed effects models were also 
run and showed very similar results. 

3.4. Results 

Before going into the results with regard to the hypotheses tests, the summary statistics and 
correlations among the variables under study are shown in table 6. On average ten percent 
of the observations (i.e. firm years) showed the creation of at least one breakthrough during 
the period of the analyses, which runs from 1990 until 1997. There is quite some variance, 
which shows that the breakthroughs are not solely created by one or two firms, but also not 
by every firm in the sample. Furthermore, the firms in our sample employed on average 
5.700 employees and spent 130 million U.S. dollars on research and development. 
Correlations are the highest among several control variables (firm size, sales, and R&D 
expenditures), but these do not affect estimates of the independent variables across the 
different models. The somewhat high correlations among the three independent variables 
of interest, i.e. betweenness centrality, external knowledge diversity, and partner 
breakthrough experience, is partly explained by all observations of firms with no alliances 
that receive a value of zero on all three variables. The correlation between betweenness 
centrality and partner breakthrough experience drops from 0,70 to 0,65 and the correlation 
between partner breakthrough experience and external knowledge diversity drops from 
0,49 to 0,18 when only taking into account firms with one or more alliances. 

3.4.1. Results of logit models 

Table 7 contains the results from the logit regression random effects model. The first 
model shows the effects of the control variables only. Firm size shows a small marginally 
significant negative effect (b=-0,050) on the firm’s likelihood to create breakthroughs. 
Furthermore, the sales of a firm shows a marginally significant positive effect (b=0,284) on 
the firm’s likelihood to create breakthroughs. A positive effect on the creation of 
breakthroughs is found from the firm fixed effect regarding the patent experience 
(b=0,018), which would indicate that the creation of breakthroughs depends on random 
chance. However, the firm fixed effect of breakthrough experience is added in the second 
model, and demonstrates a significant positive effect (b=0,334). The positive effect of 
patent experience decreases and remains marginally significant, but becomes insignificant 
in the subsequent models, which suggests that the creation of breakthroughs can be 
organized for. 



Table 6 Descriptive statistics and correlations a 

Variable Mean STD Min Max
Break-
throughs

Firm 
Size R&D Sales

Patent 
Exp. BT Exp.

Betw. 
Central.

Ext. 
Know. 
Divers.

Partner 
BT Exp.

Breakthroughs 0,10 0,30 0 1 1,00
Firm Size 5,70 15,13 0 116,18 0,22 1,00
R&D Expenditures 0,13 0,36 0 5,03 0,27 0,85 1,00
Sales 1,16 3,22 0 27,06 0,26 0,96 0,91 1,00
Patent Experience 18,64 63,97 0 567 0,37 0,51 0,50 0,56 1,00
BT Experience 0,67 2,16 0 13 0,37 0,28 0,28 0,29 0,73 1,00
Betweenness centrality 0,07 0,23 0 2,02 0,26 0,58 0,71 0,63 0,39 0,24 1,00
Ext. Knowledge diversity 0,22 0,29 0 0,80 0,23 0,32 0,35 0,32 0,26 0,25 0,39 1,00
Partner BT Experience 42,20 107,02 0 839 0,23 0,50 0,65 0,58 0,32 0,16 0,70 0,49 1,00
a N: 1375 firmyear observations in the period from 1990 - 1997



Table 7 Results of logit random effects regressions a, b

Breakthrough top 2 % - dummy
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Firm Size -0.050* -0.050* -0.048* -0.062** -0.066** -0.034 -0.060*
(0.035) (0.035) (0.034) (0.036) (0.036) (0.033) (0.037)

R&D Expenditures 0.261 0.167 0.005 0.552 0.070 -0.179 0.265
(0.738) (0.726) (0.751) (0.790) (0.725) (0.765) (0.803)

Sales 0.284* 0.331** 0.305* 0.290* 0.371** 0.231 0.273*
(0.192) (0.190) (0.190) (0.197) (0.193) (0.192) (0.204)

Patent Experience 0.018*** 0.007* 0.007* 0.005 0.006* 0.007* 0.005
(0.004) (0.005) (0.005) (0.005) (0.005) (0.005) (0.005) 

Breakthrough Experience 0.334*** 0.328*** 0.317*** 0.289*** 0.326*** 0.289***
(0.113) (0.111) (0.109) (0.108) (0.111) (0.108) 

Betweenness centrality 0.601 5.467*** 3.954***
(0.614) (1.450) (1.487) 

Betweenness centrality2 -3.498*** -2.845***
(0.986) (0.989) 

Ext. Knowledge diversity 2.217*** 1.595***
(0.585) (0.625) 

Partner BT Experience 0.003** 0.002*
(0.001) (0.002)

Constant -5.370*** -5.203*** -5.143*** -5.084*** -5.211*** -5.268*** -5.261***
(1.167) (1.117) -1.103 -1.085 -1.090 -1.109 (1.096)

Year dummies yes yes yes yes yes yes yes
Industry dummies yes yes yes yes yes yes yes

chi2 45.413 54.338 56.451 66.416 65.801 58.520 71.929
N 1375 1375 1375 1375 1375 1375 1375
a Standard errors in parentheses
b Single tailed t-tests have been used: *p<0,10; **p<0,05; ***p<0,01
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The third and fourth models show the effect of a firm’s position in the network structure. 
The linear term in the third model is positive (b=0,601), though not statistically significant. 
The fourth model supports the first hypothesis, which predicted an inverted-U shaped 
relationship between the centrality of a firm in the network and its creation of 
breakthroughs. Both the linear term (b=5,467) and the squared term (b=-3,498) for 
betweenness centrality are statistically significant. The fifth model shows the effect of 
external knowledge diversity, which was predicted to positively affect a firm’s creation of 
breakthroughs. The second hypothesis was supported by the positive coefficient in the 
sixth model (b=2,217). The sixth model shows a positive effect of partner breakthrough 
experience on the creation of breakthroughs (b=0,003) and provides support for our third 
hypothesis. Finally, the full model shows that the main effects do not change when they are 
combined into one model. Both the curvilinear (inverted-U) effect for betweenness 
centrality and the positive effect for external knowledge diversity remain statistically 
significant at the p<0,01 level, whereas the positive effect of partner breakthrough 
experience remains marginally statistically significant at the p<0,10 level. 

3.4.1.1. Post-hoc analysis 

Finally, we conducted a post-hoc analysis of the regression results in order to determine 
whether how to reach or who to reach matters more for the creation of breakthroughs. 
Therefore, the marginal effects of the three independent variables were computed. The 
coefficients of each of the variables cannot be compared directly with each other, because 
of the differences in range – i.e. see the minimum and maximum values of the independent 
variables in table 6. A calculation of the marginal effect of each of the independent 
variables on the creation of breakthroughs enables comparison, while controlling for all 
potential values of the other variables in the model. Next, these marginal effects are 
displayed in figure 6, which informs us about the predicted variation in the dependent 
variable caused by the sole variation in each specific independent variable. This supports 
the interpretation of the regression coefficients and provides a better understanding thereof 
(Hoetker, 2007).  

Figure 6 shows the marginal effects of our three independent variables. 
Specifically, the values on the X-axis correspond to the underlying continuum of each of 
the three independent variables with the minimum and the maximum values of their 
observed range. The start of each of the slopes on the X-axis corresponds to the minimum 
observed value of the independent variables, whereas the end of each of the slopes 
corresponds to the maximum observed value of the independent variables. It turns out that 
the net effect of betweenness centrality is higher than the net effect of external knowledge 
diversity. The net effect of betweenness centrality on breakthrough creation is 0,0647, 
whereas the net effect of external knowledge diversity is 0,0352. Furthermore, the net 
effect of ‘partner breakthrough experience’ is shown in the figure and is similar to the net 
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effect of betweenness centrality (net effect of partner breakthrough experience = 0,0688). 
These results indicate that both how to reach and who to reach is important, but external 
knowledge diversity matters less than a firm’s position in the network and the 
breakthrough experience of partners for the creation of breakthroughs. 

Figure 6 Marginal effects on dummy of breakthroughs 

3.4.2. Robustness checks 

Several additional analyses were run in order to confirm the above mentioned results. First, 
we carried out robustness checks by also analyzing models with the top 1% and the top 5% 
of biopharmaceutical patents with most forward citations as breakthroughs. That is, we 
used the top 1, 2, and 5 percent of the patents with the most number of forward citations to 
determine breakthrough creation. Results of these analyses were very similar to the 
findings above. Second, we used also count variables for the number of breakthroughs 
instead of the dummy variable corresponding to whether or not breakthrough was created 
by a firm. Therefore, the logit regression was replaced by a negative binomial regression 
model for estimation, because of the count variable and its overdispersion, which is due to 
the skewness of this variable. Again, the results were very similar. Third, we used a 
rescaled betweenness centrality measure ranging from 0 to 100, and the inverted-U shaped 
relationship remained statistically significant. We also we used alternative partner 
breakthrough experience measures by determining breakthroughs as the top 1% and the top 
5% of biopharmaceutical patents with most forward citations as breakthroughs. Another 
alternative measure for partner breakthrough experience that comes close to the notion of 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

L
ik

el
ih

oo
d 

to
 c

re
at

e 
a 

te
ch

no
lo

gi
ca

l 
br

ea
kt

hr
ou

gh

Observed range of each of the three independent variables 
(min - max)

Betweenness
Partner BTs
Diversity



85 

quality of partner knowledge resources was the number of patents applied for by partners 
weighted by their forward citations. These alternative measures also showed statistically 
significant positive effects from partner breakthrough experience on the creation of 
breakthroughs. Finally, we ran fixed effects models in all cases. Results were very robust 
indicating an inverted-U for betweenness and positive relationships from external 
knowledge diversity and partner breakthrough experience as well as the mentioned 
differences in their net effects. 

3.5. Conclusion & discussion 

This study was driven by three cumulative research questions. The first question asked was 
whether the creation of breakthroughs happens by random chance or whether firms can 
organize themselves for the creation of breakthroughs. Second, we asked what the role is 
of external collaboration in relation to a firm’s creation of breakthroughs. Third, the 
question was posed whether it is more important how to reach or who to reach when it 
comes to the creation of breakthroughs. 

First, our results show that firms can organize for the creation of breakthroughs and 
that a capability for breakthrough creation can be developed. In line with previous research 
on internal R&D strategies (Ahuja & Lampert, 2001), organizational structure (O’Connor 
& DeMartino, 2006), and internal knowledge diversity (Srivastava & Gnyawali, 2011) our 
study shows that the creation of breakthroughs is not a random process. That is, 
breakthroughs do not come about by simply innovating and applying for patents 
extensively. Instead, firms can organize for the creation of breakthroughs and can build a 
capability for creating breakthroughs as an internal contingency that affects firm’s future 
rates of breakthrough creation. 

Next, our study extends previous research by demonstrating the importance of 
external collaboration in reference to breakthrough creation next to its importance for 
innovation in general (Ahuja, 2000a; Sampson, 2007). Several conclusions can be drawn 
from our study. First, being central in the industry network structure seems not beneficial 
for the creation of breakthroughs. Instead, firms that are in the semi-periphery of the 
network may benefit from their position regarding their chances for breakthrough creation, 
which contrast previous studies advocating central positions (Dhanaraj & Parkhe, 2006; 
Powell et al., 1996; Schilling & Phelps, 2007; Tsai, 2001; Whittington et al., 2009). Our 
result is in line with another study, which focused on antecedents for innovations that are 
new to the firm and provided support for benefits on behalf of semi-peripheral firms 
(Gilsing et al., 2008). It seems that central firms are either cognitive not capable to absorb 
divergent knowledge and create breakthroughs. Another explanation is that these central 
firms may not be willing to create breakthroughs, which reasoning is in line with 
incumbents not willing to cannibalize (Chandy & Tellis, 2000). Also peripheral firms are 
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less likely to create breakthroughs, which could be attributed to insufficient access to novel 
knowledge. 

Furthermore, our results show that external knowledge diversity is positively 
related to the creation of breakthroughs in contrast to previous research that increasingly 
finds inverted-U shaped relationships between measures for diversity and innovative 
performance (Gilsing et al., 2008; Sampson, 2007). For breakthroughs there seems to be no 
turning point in the positive effect, because the more diversity in the external knowledge, 
the more firms are likely to benefit from this in the pursuit of breakthroughs. Another 
interesting finding is that partner breakthrough experience also contributes positively to the 
creation of breakthroughs. There are at least two possible explanations for this effect. First, 
this effect may illustrate the transferability of a breakthrough creating capability from 
partners to the focal firm. Another explanation is that this effect might demonstrate the 
quality of the knowledge base of the alliance partners (Srivastava & Gnyawali, 2011). 
Then having increased access to high quality knowledge may render opportunities for 
accessing and absorbing the best knowledge from partners. Interestingly, we find that the 
net effect of partner breakthrough experience is almost twice as large as the positive effect 
of external knowledge diversity. Notwithstanding the many contributions that show 
statistically significant effects from diversity in a firm’s alliance portfolio for innovation, 
we conclude that there is a more important partner attribute for the explanation of 
breakthroughs than external knowledge diversity. 

Our results further indicate that the effect of network position is larger than the 
effect of external knowledge diversity on the creation of breakthroughs. The effect of 
external partners with breakthrough experience is of similar magnitude as the effect of 
network position on breakthrough creation. These are striking issues given the fact that 
external knowledge diversity received quite some attention in recent studies that focused 
on explaining the innovative performance of firms. From a managerial perspective our 
results suggest that direct partners that created breakthroughs in the past should be selected 
for the creation of breakthroughs. Moreover, our results demonstrate that the creation of 
breakthroughs does not depend so much on the actions of a single firm, but depends 
increasingly on the actions of many other firms in terms of who collaborates with whom. 
Specifically, the position of a firm in the network structure cannot be controlled solely by a 
firm as the actions of other firms in the network determine the composition of the network. 
Then, this finding shows that it is utterly important for firms to have a good understanding 
of the network structure in order to see where their firm and other firms are located. This 
corroborates with research showing that firms mostly pursue partnering strategies instead 
of networking strategies due to cognitive limitations about their network position (Rowley 
& Baum, 2004). Although, firms seem to focus more on the selection of specific partners 
based on their attributes than on the social capital of partners that will change their network 
position (Baum, Cowan, & Jonard, 2010), our results indicate the importance of both with 
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regard to breakthroughs. Theoretically our variables of interest, i.e. network position, 
external knowledge diversity, and partner breakthrough experience, represent different 
constructs, but empirically they are quite correlated with each other. Given this correlation, 
it will be very challenging for firms to balance in between the center and periphery of the 
network on the one hand, and to select partners that created breakthroughs in the past and 
that are complementary to each other in terms of their knowledge resources. Hence, it will 
be required for firms to reflect on the selection of partners with breakthroughs, and 
partners with the social capital to end up in a semi-peripheral network position. Certainly, 
our results show that a semi-peripheral network position, direct alliance partners with 
breakthrough experience, and an alliance portfolio with a diverse set of knowledge 
resources contribute to a firm’s creation of breakthroughs. 

In terms of implications for network theory and the external resource based view, 
our study indicates that the theoretical perspectives are complementary to each other 
(Borgatti & Halgin, 2011; Lavie, 2006). Previously, the structural perspective and 
extended resource based view have mostly ignored each other and therefore they have 
rarely been combined in one model explaining firm performance. However, taking one of 
both perspectives only partially explains the creation of breakthroughs. Then, combining 
both perspectives yields a better understanding of both structural factors and partner 
attributes that play a role in the interfirm network. Consequently, both how to reach in 
terms of a firm’s position in the network structure, and who to reach in terms of direct 
partners and the network resources are important in models explaining firm performance. 
Furthermore, the extended resource based view can be further specified as our results show 
that not all partner attributes contribute equally to the creation of breakthroughs. 
Specifically, a differentiation can be made in the importance of characteristics of the 
collectivistic alliance portfolio and the characteristics of individual partners, because 
different partner characteristics will matter differently for different firm performance 
dimensions. For example, external knowledge diversity as a portfolio characteristic does 
not matter so much for the creation of breakthroughs, whereas the selection of individual 
partners with breakthrough experience does. 

The results of our study provide important insights about the role of external 
collaboration for the creation of breakthroughs. Still, there are several unanswered 
questions that are study raises, some of which are due to limitations in our research design. 
These limitations run from the use of patent data and the determination of breakthroughs 
up to the aggregation of alliances and joint ventures to construct the interfirm collaboration 
network. We are well aware of these limitations and tried to overcome as many problems 
as possible by following previous studies and obtaining several alternative measures for 
both our dependent and independent variables. Thereby we are very confident in the 
robustness of our results, which call for future research questions to be answered. First, the 
importance of a firm’s network position for the pursuit of breakthrough requires a deeper 
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understanding of the constraints and benefits of certain network positions with regard to 
innovation. Moreover, do managers mention these constraints and benefits, and especially 
does management have an accurate view on the network and the position of their firm 
herein? Second, our study suggests that firms can build a capability for breakthrough 
creation and the transferability of such a capability to other firms. How can firms develop 
this capability and what are the core elements that underlie this capability for breakthrough 
creation? Hargadon (2003) mentions that firms need to be involved in technology bridging, 
because this is an important factor in the process of breakthrough creation. In addition to 
technology bridging, there are other factors contributing to a capability of breakthrough 
creation such as human and intellectual capital. Finally, the tone in our study seems to 
suggest that breakthrough creation is beneficial for firms. We question whether the creators 
of breakthroughs will also be able to benefit from their discoveries when it comes to for 
example their financial performance. Future research should go into the relationship 
between breakthrough creation and other firm performance dimensions. 

We conclude that our study can be a starting point for other scholars to investigate 
the phenomenon of breakthroughs and specifically concentrate on its antecedents. Our 
study shows that both firm’s position in the network structure as well as partner attributes 
are important antecedents for the creation of breakthroughs. The selection of partners with 
past breakthroughs and complementary knowledge is mostly in control of management as 
compared to the firm’s position in the network. In addition, awareness of the interfirm 
network structure and a firm’s position herein might be raised by the results of our study. 
Finally, both how to reach and who to reach is important for the creation of breakthroughs. 
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Chapter 413

Directly or Closely Connected: 
Network Antecedents of the Technological Impact of Inventions 

Abstract: 
In this paper, a model is presented that explains the role of a firm’s interorganizational 
network position and the impact of their inventions. Whereas existing literature focuses on 
acquiring and sharing knowledge for the creation of inventions, our study shows how the 
impact of a firm’s inventions is influenced by a firm’s interorganizational network position 
after these inventions have been created. The general conception of technological impact 
concentrates on the extent to which inventions are reused in subsequent inventions. Our 
study differentiates between impact on direct partners and impact on non-partners. Impact 
on direct partners focuses on the extent to which alliance partners make use of each 
other’s inventions. Impact on non-partners resembles the reuse of inventions by firms with 
whom a focal firm does not collaborate. Furthermore, we differentiate between the local 
and overall network position as antecedents in the process of impact generation. The 
empirical setting for this study is the biopharmaceutical industry, for which a sample of 
179 patenting firms is used. Results indicate the importance of both the local and overall 
network position for the impact of inventions. Managers are informed to consider both the 
number of firm partners as well as their position in the overall network structure.

13 An earlier version of this paper was presented at the DRUID Conference 2013 in Barcelona. 
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Directly or Closely Connected: 
Network Antecedents of the Technological Impact of Inventions 

4.1. Introduction 

Impactful inventions have gained the interest of many academic scholars who are inspired 
by the work of Schumpeter on new combinations and creative destruction (Schumpeter, 
1934, 1947). Firms benefit from creating impactful inventions, because it enhances their 
reputation and provides them with a competitive advantage over other firms (Andriopoulos 
& Lewis, 2008). Furthermore, when a technological invention becomes the core for many 
following inventions, firms are more likely to also gain economic benefits (Harhoff et al., 
1999; Trajtenberg, 1990). Whereas large numbers of inventions are created, only a few will 
reach higher impact levels and become known as technological breakthroughs. The 
characteristics and the creation of impactful inventions have been subject to scientific 
inquiry in the past decade (Ahuja & Lampert, 2001; Fleming et al., 2007; Nemet & 
Johnson, 2012; Phene et al., 2006; Srivastava & Gnyawali, 2011). Previous findings 
indicate how to prepare for the creation of breakthroughs as combinations of near, adjacent 
and distant knowledge (see the second chapter). Furthermore, the importance of external 
collaboration and specifically a semi-peripheral network position and the selection of 
specific partners affect the creation of breakthroughs (see the third chapter). In this study 
we do not consider the creation of inventions, but instead we concentrate how the impact 
of the inventions is affected. 

Besides in-house R&D activities, the literature has repeatedly shown that external 
collaboration is crucial for the creation of new inventions (Ahuja, 2000a; Phelps et al., 
2012). Alliances and joint ventures are described as governance mechanisms through 
which organizations gain access to novel external knowledge. In contrast to previous 
research, which merely focused on the creation of inventions by having access to external 
knowledge through social capital, this study considers the impact of inventions by studying 
their dispersion through the interfirm network structure. Hence, the interfirm collaboration 
network is expected to influence the impact of a firm’s inventions besides that it influences 
the creation of inventions (Borgatti & Foster, 2003; Cowan & Jonard, 2004). Then, our 
study concentrates on the year of patent citation, whereas research on creation of 
inventions concentrates on the year of patent application (e.g. Ahuja & Lampert, 2001; 
Ahuja, 2000a; Sampson, 2007). Then, it may turn out that factors related to external 
collaboration play different roles regarding the creation and impact of inventions. 
Accordingly, this study takes two firm level characteristics derived from their position in 
the local and overall network structure. Specifically, the central question is which effects 
the firm’s positions in the local and overall network have on the impact of their inventions. 
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First, the size of the local network – e.g. the number of firms with whom a firm 
directly collaborates – increases the chances for a firm to disperse knowledge and 
information about its inventions to its partners (Lavie, 2007; Sampson, 2007; Srivastava & 
Gnyawali, 2011). That is, partnering firms share complementary knowledge with each 
other, which was shown to be necessary for the creation of new inventions. When firms 
use knowledge about inventions from each other, this knowledge sharing also contributes 
to the impact of a firm’s existing inventions (Ahuja, 2000a; Kogut & Zander, 1992). Then, 
the impact of a firm’s inventions is likely to increase with the number of alliance partners a 
firm has. Besides the local network, there is the position of the firm in the overall network 
to consider (Gilsing et al., 2008; Granovetter, 1985; Rowley et al., 2000). Being in a 
central position, i.e. being close to many other firms, contributes to the purposeful spread 
of knowledge and information about the firm’s inventions throughout the network. Central 
firms may be better able to reach other firms efficiently, and they may benefit from their 
increased visibility in the network. Hence, a central position may increase the likelihood 
that a firm’s inventions will be reused by other firms, which increases the impact of a 
firm’s inventions. We will explore to what extent the position of a firm in the local or the 
overall network is more important for the technological impact. On the one hand, the local 
network, as the number of direct partners, is in control by the firm itself. On the other 
hand, the position of the firm in the overall network is less in control of the firm as this 
depends on the collaborative activities of all other firms in the network. Either the position 
in the local or the overall network being more important will therefore have implications 
about extent to which impact can be managed by the firm. 

The main contribution of our study concerns a closer look at the impact of 
inventions. Conventionally, studies have looked at the impact of inventions by counting the 
number of times that a firm’s patents are cited. Then, the technological impact of 
inventions is generally defined as the extent to which inventions are adopted and reused in 
subsequent inventions (Ahuja & Lampert, 2001; Dahlin & Behrens, 2005). In this paper, 
we build on this definition and contribute by differentiating between different types of 
impact. First, the level of impact can contain quite some error when the firm itself builds 
mostly upon its own inventions whereas other firms do not. By excluding self-citations, the 
impact of inventions will demonstrate the extent to which a firm’s inventions affect other 
industry players. This exclusion of so-called self-fertilization might result in a more 
genuine notion of impact as this considers only the impact an invention has on other firms. 
Second, the technological impact will be split up in influence on direct collaboration 
partners versus non-partners. Such a differentiation is interesting because direct partners 
will more likely be influenced because of knowledge sharing and interaction, whereas non-
partners are more likely to be affected by information overflows and codification of this 
knowledge. In this way, this study aims to extend research on impactful inventions by 
splitting up the technological impact of firms inventions. 
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We think that our study is also important for managers. Results can inform 
managers how to consider their local and overall position in the network structure, because 
these affect the impact of their inventions. This requires a strategy that reflects both the 
number of direct partners and the position of the firm in the overall network. Hence, the 
relative importance of being directly connected to other firms versus being closely 
connected to other firms will be evaluated against each other regarding their effects on the 
technological impact of inventions. 

For this study, a dataset has been constructed based on a sample that consists of 179 
publicly traded companies that have applied for at least ten biopharmaceutical patents in 
one of the years between 1990 and 2000. The biopharmaceutical industry and this period 
were selected, because the industry went through several technological transitions with 
many patent applications, alliance activities and capital investments (Hagedoorn, 2002; 
Hall et al., 2001; Rothaermel & Hess, 2007). Moreover, data on this industry have been 
quite well preserved over a long period in time. The final dataset was created by combining 
publicly available data on strategic alliances, joint ventures, financial statements, and 
patents. The longitudinal panel design enables testing which network antecedents 
contribute more to the technological impact of a firm’s inventions. 

Our theoretical approach of combining theory on impact and network theory will be 
discussed in the next section. Subsequently we test and present the results of the relative 
effects of different antecedents on the different impact connotations of inventions. 

4.2. Theoretical background 

4.2.1. Inventions and their impact: a differentiation 

Impactful inventions are considered as important factors that drive competition, because 
they mark a significant change with past and current technologies (Dosi, 1982; Nelson & 
Winter, 1982; Tushman & Anderson, 1986). Because these inventions are often at the root 
of shifts in technological paradigms, impactful inventions received increasingly scholarly 
attention. The creation of impactful inventions requires the recombination of existing but 
yet still unconnected knowledge (Dahlin & Behrens, 2005; Hargadon & Sutton, 1997; 
Henderson & Clark, 1990; Nemet & Johnson, 2012; Phene et al., 2006; Schoenmakers & 
Duysters, 2010). Creators of inventions gain competitive advantages once they succeed in 
transforming their new combinations successfully into impactful inventions (Ahuja & 
Lampert, 2001; McKendrick & Wade, 2009; Schumpeter, 1947). This is especially 
important when we know that many inventions are created, but only some of them will 
eventually reach higher impact levels. In other words, when firms want to gain a 
competitive advantage, they need to organize not only for the creation of high quality 
inventions. Beyond the creation of inventions, we argue that there are antecedents to 
consider, which influence and contribute to the technological impact of a firm’s inventions. 
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Until now, research has mainly focused on the antecedents for the creation of 
impactful inventions in terms of collecting and recombining diverse sources of knowledge 
into promising inventions (Phelps, 2010; Sampson, 2007; Srivastava & Gnyawali, 2011). 
Notwithstanding the antecedents for the creation of inventions, the premise of this study is 
that the technological impact of firms’ inventions is more likely to be determined by 
factors after their creation. As quite some time passes away between the creation of an 
invention and the period in which subsequently the inventions turns out to gain impact then 
the factors that influence this impact could have changed over time. In other words, the 
factors that contribute to the impact of inventions have probably changed since their 
creation and should therefore be observed at the point in time when the impact comes 
about. Hence, this study will not concentrate on the antecedents for the creation of 
impactful inventions, but we will consider the factors that affect the technological impact 
of firm’s inventions each year. 

Although a distinction can be made between inventions that are impactful from a 
technological versus from a market point of view (Ahuja & Lampert, 2001; Chandy & 
Tellis, 1998), in this study we focus on the technological impact of an invention. 
Technological impact is defined as the extent to which the invention serves as a basis for a 
sequence of subsequent technological developments around the original invention (Ahuja 
& Lampert, 2001; Trajtenberg, 1990). In order for an invention to gain impact, the 
invention must be reused in subsequent inventions – i.e. the technological content needs to 
affect the content of upcoming inventions (Dahlin & Behrens, 2005). Hence, the 
technological impact of a firm’s inventions will depend on their adoption and reuse in 
successive inventions. This technological impact of inventions can differ significantly from 
each other. Whereas some inventions stand at the basis of new technological trajectories 
and generate many subsequent inventions, others are merely incremental changes in 
existing technologies (Dewar & Dutton, 1986; Dosi, 1982). Besides this variation in 
technologically impact, we will extend earlier research by differentiating between different 
conceptualizations of impact. First, we distinguish the total impact, which includes impact 
on a firm’s own future inventions, from impact that excludes a firm’s reuse of its own 
inventions. Second, we discern between impact on direct collaboration partners and impact 
on non-partners. 

First, the general definition of impact allows for impact that could solely be 
generated by the creator of the invention, when only the creator builds forth on the 
invention. We posit that the reuse of its own inventions by the firm itself erroneously 
increases the technological impact of these inventions. Accordingly, such self-fertilization 
of building on a firm’s own inventions could be ignored when trying to come closer to a 
genuine notion of technological impact as impact on the wider industry. In patent 
analytical terms, technological impact of inventions is more closely approximated when 
self-citations – i.e. citations to self-owned patents – are left out of the analysis. 
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Accordingly, the definition of technological impact can be slightly adjusted as the extent to 
which firm’s inventions are assimilated and applied in the development of inventions by 
other firms. We will explore whether controlling for self-citations leads indeed to different 
results or not. 

Going one step further, this study considers which other firms are affected by the 
inventions of a focal firm. Differentiating impact of inventions according to which firms 
assimilate and apply inventions for the creation of subsequent inventions is influenced by a 
differentiation between knowledge sharing between firms and information spillovers to 
non-partners. Specifically, the adoption and reuse of inventions by a firm’s alliance 
partners might resemble knowledge sharing between both partners. Next, between a firm 
and non-partners is no direct transfer of knowledge. Then, the use of a firm’s inventions by 
non-partners is more likely to be influenced by information spillovers throughout the 
network structure, or influenced by the fact that codified information about the firm’s 
inventions becomes available. Hence, technological impact of a firm’s inventions will be 
split up in impact on direct partners, as a possible consequence of knowledge sharing, and 
impact on non-partners, as a possible consequence of information spillovers of inventions. 

Impact on collaboration partners and impact on non-partners are likely to be 
differently influenced in terms of effect size by factors related to the interfirm network 
structure. Specifically, for differentiating between these conceptualizations of impact this 
study looks at the firm’s position in the local and overall network structure at the moment 
in which their patents are cited. This is in contrast to studies that consider the creation of 
inventions, which look at the network structure at the time the patent is applied for – e.g. 
such as was done in the study discussed in the previous chapter. Subsequently, we looked 
at whether the citing firm is also a collaboration partner in the year in which the citation to 
the firm’s patent is made. In the next section we elaborate on this, and hypothesize 
different relationships between a firm’s position in the network structure and the 
technological impact of a firm’s inventions on its direct partners versus non-partners. 

4.2.2. Local network effects 

In the last two decades, many firms have started collaborating in strategic alliances in order 
to increase their performance (Gulati, 1998; Hagedoorn & Schakenraad, 1994). Interfirm 
relationships such as alliances can be seen as conduits through which knowledge and 
information flows (Borgatti & Foster, 2003). Alliances allow firms to both obtain 
knowledge about their partners’ inventions as well as to disperse knowledge and 
information on their own inventions. Specifically, R&D alliances are mostly agreed upon 
between two or multiple firms for the exploration of new technological areas (Hagedoorn, 
1993). The new inventions following from alliances will be significantly affected by what 
is already known in terms of existing inventions from both partners (Sampson, 2007). 
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Subsequently, the exchange, adoption and reuse of knowledge between partners play a 
critical role in affecting the technological impact of inventions. Hence, knowledge and 
information about inventions becomes available through alliances between partnering 
firms, which then will be more likely to build upon each other’s inventions. 

Then, the number of a firm’s R&D alliance partners, which is considered as the size 
of a focal firm’s local network, plays an important role in the technological impact of a 
firm’s inventions. Alliance partners enable a firm to disperse knowledge and information 
about its inventions throughout its local network. The more partners become 
knowledgeable about a firm’s inventions, the more likely it is that these and other firms 
develop inventions by building upon the focal firm’s inventions (Sampson, 2007; 
Srivastava & Gnyawali, 2011). That is, direct partners will share knowledge with each 
other in R&D alliances in the collective pursuit of creating inventions. This knowledge 
sharing from one firm to another continues to other firms as information spillovers. Then, 
the more partners a firm has the more other firms in the network receive knowledge and 
information about the inventions of a firm. 

Furthermore, partnering firms may have an interest in citing their partner’s patents 
as a strategy for standard setting. The citing firm contributes to standard setting when it 
applies for a patent that cites another patent, which becomes subsequently highly cited. 
The invention of the highly cited patent can be seen as a standard for many successive 
inventions, some of which will also contain important elements of the standardized 
technology. Then, the citing firm may benefit from owning parts of the standardized 
technology, which it can directly exploit in its operations or for which it can receive 
licensing fees from other firms. Of course, it remains questionable whether firms that own 
highly cited patents or firms that cite highly cited patents will benefit most from their 
inventions. 

Moreover, the larger the local network, the more likely it will be that partnering 
firms use technologies from the same technological domain. Specifically, firms tend to 
search locally for knowledge that is close to their own technological expertise (Rosenkopf 
& Nerkar, 2001; Stuart & Podolny, 1996). Once, a firm’s direct partners are active in the 
same technological domain, it is more likely that these direct partners will also be 
connected in a clique and at least know about the ongoing activities (Cowan & Jonard, 
2004). Consequently, direct partners will become more familiar with each other’s 
inventions the larger the size of a focal firm’s local network. Hence, the larger the size of 
the local network the more likely it is that other firms will receive information about a 
focal firm’s inventions and the more likely it is that these inventions will be reused. Then, 
the easier knowledge about inventions spreads through a firm’s direct partners, the more 
other firms will be impacted by a focal firm’s inventions when they assimilate and reuse 
the inventions of a focal firm. Accordingly, due to knowledge sharing and information 
spillovers, the more direct partners a firm has, the more likely that its inventions will 
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impact subsequent technological developments by other firms. Our first hypothesis is as 
follows: 

H1a: There is a positive relationship between the number of direct partners 
(degree centrality) and the technological impact of a firm’s inventions. 

Direct relationships between firms enable flows that consist of tacit knowledge (Ahuja, 
2000a; Kogut & Zander, 1992). Because of the flow of tacit knowledge, which is a deeper 
understanding and know-how of a firm’s inventions, direct partners are more likely to 
assimilate and reuse components from a focal firm’s inventions as compared to non-
partners (Grant, 1996; Kogut & Zander, 1992; Nonaka, 1994). In other words, direct 
partners are more likely to be impacted by the technological activities of the firm due to 
knowledge sharing activities and knowledge complementarities (Ahuja, 2000a). The more 
direct partners a firm has, the more likely it is that a firm’s inventions will be adopted by 
its direct partners. Specifically, these direct partners are more likely to reuse and therefore 
be affected by a firm’s inventions as compared to non-partners. 

Subsequently, non-partners are less likely to receive a deeper understanding of 
inventions that are created by firms with whom they do not collaborate, because of the 
absence of knowledge sharing. Only information about inventions will eventually reach 
non-partners through spillovers, so that non-partners may build upon these inventions as 
well. This information may reach non-partners via shared direct partners between the non-
partners and the focal firm. This is resembled through a snowballing effect of information 
about the invention through the network. This snowballing effect of knowledge dispersion 
is enhanced by the number of actors that become knowledgeable about a focal firm’s 
inventions (Ahuja, 2000a; Owen-Smith & Powell, 2004). Put differently, the more an 
invention is reused in subsequent inventions by direct partners, the more likely it is that 
information about these inventions will spillover to other firms (Singh, 2005). 
Accordingly, also non-partners will be increasingly affected by a firm’s inventions when 
the focal firm has more direct partners. 

Besides information spillovers to non-partners via shared partners, non-partners 
may learn more about a focal firm’s inventions once their patents are granted and 
published. Then, the codified knowledge in a patent could trigger the reuse of these 
inventions also by non-partners. Still, non-partners do not have direct access to the tacit 
knowledge as compared to direct partners. The employees of direct collaboration partners 
can directly interact with the employees of the focal firm and exchange not only codified 
knowledge but also tacit knowledge in terms of skills and capabilities. This direct 
interaction enables direct partners not only to learn what a specific invention is, but also to 
learn how it works and how it can be applied in future inventions. Non-partners may learn 
about the technological aspects of an invention, but lack the deeper understanding of its 
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functioning and applicability (Kogut & Zander, 1992; Nonaka, 1994). Put differently, 
collaboration partners will directly learn and know how an invention works, whereas non-
partners will firstly learn and know about an invention (Grant, 1996). Therefore, the effect 
of the size of the focal firm’s local network on the technological impact on direct partners 
will be larger than the effect on the technological impact on non-partners. Hence, we 
hypothesize: 

H1b: The positive effect of the number of direct partners is stronger regarding the 
technological impact of firm’s inventions on direct partners as opposed to 
the technological impact of firm’s inventions on non-partners. 

4.2.3. Overall network effects 

As stated above, direct partnerships are better suited for the flow of tacit knowledge and 
therefore the impact of inventions on direct partners and non-partners will increase with 
the size of the local network. Above and beyond the size of the local network, the influence 
on the impact of inventions goes further than simply having a large number of partners. 
Specifically, for increased levels of impact, other firms in the network should somehow be 
reached with information about a firm’s inventions. The spread of information on 
inventions is partly enhanced by the fact that, once these inventions are created, knowledge 
about inventions becomes increasingly codified through patents for example (Cowan & 
Foray, 1997; Zander & Kogut, 1995). Although for the transfer of tacit knowledge direct 
ties seem to be better conduits, the dispersion of codified knowledge takes also easily place 
throughout the larger interfirm network as information spillovers, in line with the 
snowballing effect (Ahuja, 2000a). One way through which the technological impact will 
be affected is concerned with the active communication of inventions through the overall 
network. Firms may advance this communication by locating themselves in those network 
positions that enable them to control the flows of knowledge and information in the 
network (Dhanaraj & Parkhe, 2006; Powell et al., 1996). Then, the position of a firm in the 
overall network structure of interfirm partnerships may therefore become also important 
with regard to impact of inventions in addition to the direct partners of firms. 

The firm level antecedent related to the overall network that will be focused upon is 
the structural embeddedness of a firm in the overall network (Granovetter, 1985; Rowley et 
al., 2000). Accordingly, the information that flows through interorganizational networks is 
affected by each firm’s position in the overall network structure (Powell et al., 1996). 
Specifically, the position of a firm in the network can be distinguished in terms of its 
centrality as the extent to which a firm is closely connected to other firms in the network. 
Then, different positions in a network of R&D alliances result in firms being differently 
able to disperse information about their inventions throughout the network. Following from 
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this, there are several arguments in favor of central firms when it comes to triggering the 
impact of their inventions. 

First, a centrally located firm is more visible for other firms, which shapes the 
central firm’s reputation. Such reputation benefits can greatly enhance a firm's ability to 
disperse information about its inventions to other firms in the industry, because they have 
better control over the knowledge and information flows to their direct partners. Besides 
affecting their direct partners, visibility and reputation of the focal firm will also affect 
non-partners, because the latter will generally observe the R&D activities of central 
players. Second, central firms are better informed about what happens in the industry 
(Gilsing et al., 2008). This means that central players are better positioned to exploit 
promising new areas of technological development and select the alliance partners needed 
for this. Then, centrally positioned firms have better and timelier access to novel ideas in 
order to create inventions, which they can thereafter better communicate throughout the 
network. Finally, the probability, speed, and reliability of knowledge transfer between 
firms is directly related to the structural distance between firms in the network. The 
communication of information and knowledge happens more quickly by firms with a short 
average path length to other firms in the network (Watts, 1999). A firm that is closely 
connected to many other firms can disperse information concerning its inventions more 
easily than firms who are less centrally located (Schilling & Phelps, 2007)14. When 
information about inventions is more easily transferred to many other firms beyond direct 
ties, the likelihood increases that these inventions will generate higher levels of 
technological impact. Accordingly, the second hypothesis is as follows: 

H2a: There is a positive relationship between the level of closeness to other firms 
in the network and the technological impact of firm’s inventions. 

When concentrating on which other firms are most likely to adopt a central firm’s 
inventions there are different effects concerning the impact on direct partners as opposed to 
the impact on non-partners. Direct partners collaborating with centrally located firms may 
be more likely to perceive the higher status of their centrally located partners, because that 
might be one of the reasons for collaboration. Then the direct partners will be more likely 
to be affected by the firm’s reputation than non-partners. This will be enhanced by the fact 
that direct partners are more likely to obtain tacit knowledge about the inventions of the 
centrally located firm. This exchange of tacit knowledge enables partners to develop a 
deeper understanding of inventions created by the central firm. Therefore, direct partners 

14 Closeness centrality is favored over other centrality measures as it deals with the efficient reach 
of all other actors in a network. 
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are more likely to adopt and reuse the inventions of centrally located firms as compared to 
non-partners. 

Subsequently, these arguments support the impact of inventions of centrally located 
firms, especially with regard to the impact on the direct partners of the central firm. Also 
regarding the impact on non-partners, centrally located firms can benefit from their central 
position as they are better able to reach all other actors in the network with codified 
knowledge. Moreover, by means of network orchestration, a central firm may control the 
circulation of knowledge and information and thereby promote its own inventions 
(Dhanaraj & Parkhe, 2006). Nonetheless, being central and close to many others may cause 
some non-partners to refrain from assimilating and building upon the inventions of central 
players. Non-partners may observe that they compete with the central firm when they do 
not have direct access to the same knowledge. Moreover, non-partners may decide not to 
pursuit the same technologies, because these are already exploited by the central firms and 
their direct partners. Instead, non-partners may explore and develop an expertise with other 
technologies in niche areas. Conclusively, the centrality of a firm in the overall network 
structure will still positively affect the impact of a firm’s inventions on non-partners. 
However, this effect of closeness will be less strong regarding the impact on non-partners 
as compared to partners. 

H2b: The positive relationship between the level of closeness to other firms in the 
network is stronger regarding the technological impact of firm’s inventions 
on direct partners as opposed to the technological impact of firm’s 
inventions on non-partners.

The four hypotheses are systematically put in table 8 below. Besides the positive effects of 
the size of the local network and the level of closeness to other firms on both 
conceptualizations, the hypotheses 1b and 2b are found by making horizontal comparisons 
in the table. Then, for example hypothesis 1b states that the effect of the size of the local 
network on the impact on direct partners is larger (++++) than the effect of the size of the 
local network on the impact on non-partners (+). Furthermore, hypothesis 2b appears in the 
second row, which shows that the effect of closeness is larger on the impact on direct 
partners (+++) than the effect of closeness on the impact on non-partners (++). 

Additionally, two additional propositions are shown in the table when making 
vertical comparisons. These two are shortly discussed. First, the table suggests that the 
positive effect of the size of the local network (++++) is stronger than the positive effect of 
the level of closeness to other firms (+++) regarding the impact on direct partners. This 
means that the extent to which partners reuse inventions of a focal firm is more influenced 
by the number of partners than the position of the focal firm in the overall network 
structure. Second, the table suggests that the positive effect of level of closeness to other 
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firms (++) is stronger than the size of the local network (+) with regard to the impact on 
non-partners. The reuse of a focal firm’s inventions by non-partners is then more affected 
by the position of the focal firm in the overall network structure than by the number of 
direct partners a focal firm has. Specifically this means that the effect of information 
spillovers through direct partners is less strong than the reputation and efficient reach 
effects of being close to all other firms in the network when it comes to the impact on non-
partners. Although present in the table, we do not formalize these vertical comparisons in 
terms of hypotheses. 

Table 8 Hypotheses 

 Impact on direct partners Impact on non-partners 
Size of the local network  ++++  +  
Level of closeness to other firms +++ ++  

In the next section the empirical setting of this study will be discussed followed by a 
description of the measures and the analyses. 

4.3. Methods 

4.3.1. Data & sample 

The data for this study comes from a large-scale data project constructed from the 
combination of several databases with information on alliances, firm financial statements, 
and patents. The empirical setting that has been chosen is the biopharmaceutical industry 
from 1985 until 2007. We wanted to focus on a high-tech industry in which technological 
development takes place at high rates, to make sure that both the level of alliance activity 
and the numbers of technological inventions are suitable for testing the proposed 
hypotheses. The biopharmaceutical industry is such an industry characterized by rapid 
technological development (Gambardella, 1995). During the 1980s and 1990s the 
biopharmaceutical industry demonstrates increasing numbers of patent applications in the 
United States, which signals the activity of technological invention creation. Furthermore, 
patents are intensively used for intellectual property protection in the biopharmaceutical 
industry as most inventions are indeed patented (Hall et al., 2001). Furthermore, there have 
been a large number of alliances in the biopharmaceutical industry from the 1980s onwards 
(Hagedoorn, 1993; Schilling, 2009). The combinations of many well documented 
inventions and alliances make the biopharmaceutical industry very suitable to study the 
research question on the role of the firm’s local and overall network position on the impact 
of their inventions. 
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Our sample consists of 179 publicly traded US firms, who are actively involved in 
the process of inventing; all public companies, who had applied for at least ten 
biopharmaceutical patents in one of the years between 1990 and 2000, were included in the 
sample. The technological patent classification scheme of 2006 from the USPTO was used 
to assign each patent with a primary technology class, which data was drawn from the 
NBER patent database (Hall et al., 2001). In this technological classification scheme, the 
three-digit USPTO classification was used, in which the codes ‘424’, ‘435’, ‘436’, ‘514’, 
‘530’, ‘800’, and ‘930’ correspond with patents that are related to the biopharmaceutical 
industry (Phene et al., 2006; Rothaermel & Hess, 2007). In total there were 123.819 
patents applied for between 1990 and 2000 in the aforementioned classes. Through 
matching tables provided by NBER, we identified that 37.417 patents were applied for by 
896 public companies. We only wanted the companies that applied for patents intensively, 
because these firms signal to be actively involved in R&D processes. For these firms, the 
impact of their inventions may also be more likely to be of any concern. Therefore, the 
condition was set that a firm should have applied for at least ten biopharmaceutical patents 
in one of the years between 1990 and 2000. This results in a highly varied sample of 
companies, some of which have applied for many patents each year in our observation 
period, and others that applied for ten patents in one of the years and only a few on the 
other years of the period of observation. We ended up with a sample of 179 publicly traded 
companies who applied for 30.168 biopharmaceutical patents between 1990 and 2000. 

The next step was to match these firms with data from financial statements, which 
were retrieved from Compustat. After matching the patent data with the Compustat data, a 
triple matching procedure was used to retrieve the alliances belonging to these companies 
from Thomsons’ SDC Platinum. The data was matched on cusip, on their full name, and on 
keywords of their name15. The results from the three matching procedures were then 
compared by two independent researchers in order to guarantee a correct match between 
the firms in the sample and their alliances. SDC data have been used in numerous 
empirical studies on strategic alliances before (Sampson, 2007; Schilling & Phelps, 2007; 
Srivastava & Gnyawali, 2011). Then, alliances were collected that were announced 
between 1985 and 2010. However, we first started our analyses from 1990 onwards, 
because there is not so much information on alliances announced before 1990 in the SDC 
database (Anand & Khanna, 2000). The duration of alliances is in general longer than one 
year. However, end dates of alliances are rarely mentioned in SDC. Therefore, we assumed 
alliances to exist for five years, which is in line with previous studies on alliance networks 
(Gulati & Gargiulo, 1999; Rosenkopf & Padula, 2008). Then, alliance networks were 
created based on five-year moving windows. Furthermore, alliances were excluded if the 

15 For example, we matched Abbott Laboratories, but we also searched for ‘Abbott’ in the SDC 
data. 
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date on which the alliance was announced had been estimated, because sometimes 
alliances do not materialize although they had been announced (Sampson, 2007). Finally, 
we only included alliances that were concerned with research and development (Ahuja & 
Lampert, 2001; Phelps, 2010; Sampson, 2007). We ended up with 10 network structures 
for the biopharmaceutical industry from 1990 until 2000, which are the start and end years 
of the period for the analyses. Subsequently, the alliance data were then analyzed in R, 
which we used to compute the measures for our independent variables. 

We used data from U.S. public firms only for three reasons. First, we wanted to 
include firm financial information from Compustat. Although there is a global version of 
Compustat, the data on non-US firms is rather rare before 2000. Furthermore, patent data 
from NBER was used in this study which only consists of patent that were applied for at 
the United States Patent Office. Finally, also the SDC data are a lot more comprehensive 
for U.S. firms as compared to non- U.S. firms (Schilling & Phelps, 2007). The final data 
set includes 179 firms involved in 591 alliances. Some of the alliances included more than 
two participating firms, so the number of dyads is greater, totaling 1.454 (Ahuja, 2000a). 
Based on these alliance data we constructed the measures of our independent variables and 
determined the impact of inventions on partners and non-partners of a firm. 

4.3.2. Dependent variables 

Most studies until now have used citation-weighted patent counts as a measure for 
inventions and their quality or impact. Then, the commonly used indicator for a patent’s 
technological impact is the number of forward citations, i.e. the number of times that a 
patent is cited. The main argument in the literature is that the more patents are cited by 
future patents, the higher their technological impact. Forward citations have been used as a 
proxy for the invention’s technological impact on future technological development and 
have been related to concepts as innovative performance (Hagedoorn & Cloodt, 2003), 
breakthrough inventions (Ahuja & Lampert, 2001; Phene et al., 2006), economic value of 
inventions (Griliches, 1981; Hegde & Sampat, 2009; Trajtenberg, 1990), patent importance 
(Fleming, 2001; Hall et al., 2005; Trajtenberg et al., 1997), patent value (Reitzig, 2003), 
and technological impact (Rosenkopf & Nerkar, 2001). The measure for technological 
impact in this study is also based on the number forward citations. However, the time point 
for the analyses is not the year in which the cited patents are applied for, but the year in 
which the citing patent is applied for. We know that in many instances there is quite some 
time between the creation of an invention and the moment that an invention becomes 
impactful. More specifically, in terms of patent analysis, the creation of inventions is 
associated with the application date (Griliches, 1990). The average amount of time 
between the application and grant date of the patent is two years with some level of 
variation (Schilling & Phelps, 2007). Then another window of five to ten years is mostly 
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chosen to determine the impact of these inventions as the number of times their associated 
patents are cited by other patents (Fleming, 2001; Gilsing et al., 2008; Hall et al., 2001). As 
a result, there is a gap of several years between the creation of inventions and the years in 
which their impact comes about. Therefore, our measure for technological impact is 
measured in the year in which the citing patents are applied for, i.e. the year in which a 
focal firm’s patents are cited. This is in contrast to most studies, which consider the 
application year of the cited patent, whereas our study considers the application year of the 
citing patent. Next, we firstly present a series of models with the total number of forward 
citations a firm receives in a particular year. Then, a series of models is presented with the 
number of forward citations received minus the self-citations. Finally, the hypotheses refer 
also to two differently operationalized measures for technological impact. Accordingly, the 
measures are as follows. 

Technological impact (total cites): The technological impact of a firm’s inventions 
in year t is determined by the number of times a firm’s patents are cited in year t. For 
example, firm “A” applies for two patents in year t and has no patents before year t. When 
these two patents are five times cited in year t+2, the variable ‘total cites’ takes a value of 
‘5’ in year t+2. This contrasts earlier research in which ‘inventive performance’ in year t is 
generally measured as the number of times a firm’s patents that are applied for in year t 
become subsequently cited. In our example, the two patents of firm “A” get cited twenty 
times in total. The ‘inventive performance’ as a citation-weighted patent count would have 
taken a value of ‘20’ for firm “A” in year t. Our approach enables us to identify the 
network antecedents that occur in the year of patent citation as compared to the year of 
patent application. 

Technological impact minus self-citations: The technological impact of a firm’s 
inventions minus self-citations in year t is determined by the number of times a firm’s 
patents are cited in year t. Then the number of times that a firm cites its own patents is 
deducted from this number. 

Technological impact on direct partnering firms (cites alliance partners): The 
technological impact of a firm’s inventions on its direct partners in year t is determined by 
the number of times a firm’s patents are cited in year t by patents applied for in year t by 
the firm’s direct partners. A direct partner is a firm with whom the focal firm has been in 
an alliance with in year t or in year t-1. Hence, we assume that a citation is a consequence 
of an alliance between two firms even when the alliance between these firms ended in the 
year before the citation. 

Technological impact on non-partnering firms (cites non-partners): The 
technological impact of a firm’s inventions on its non-partners in year t is determined by 
the number of times a firm’s patents are cited in year t by patents applied for in year t by 
other firms in the sample. Non-partners are those firms from the sample that were not an 
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alliance partner of the focal firm in year t or in year t-1. Citations from non-partners are 
therefore assumed not to be the consequence of an R&D alliance between these firms. 

4.3.3. Independent variables 

Number of direct partners (degree centrality): The measure that captures the local 
network effect is measured by the number of direct alliances partners a firm has in year t. 
This number is based on R&D alliances between sampled firms with an assumed duration 
of five years. 

Closeness centrality: We used the measure for overall network position based on 
the concept of closeness (Freeman, 1978), which captures the extent to which a firm is 
close or far positioned to all other firms in the network (Powell et al., 1996). The boundary 
of the network was determined by and includes only the 179 firms who are part of the 
sample as described in the sampling procedure. In this study, a high closeness score means 
that a firm can reach most other firms within a small number of steps. A central firm is 
then not so dependent on specific other firms to disperse information about its inventions 
to the wider network. After obtaining this measure, we divided it by the number of direct 
partners of a firm in order to reduce the correlation between both independent variables. 
Essentially, we wanted to obtain a measure that accounts for the extent to which a firm is 
close to all other firms in the network that is not driven by the number of direct partners. 
Dividing the closeness centrality measure by the number of direct partners informs us on 
the average contribution of each direct partner to a firm’s network centrality in terms of 
closeness. This measure was validated in earlier research as it comes close to the average 
distance weighted reach measure used by Schilling & Phelps, (2007). 

There are two remarks with regard to this measure for the position of a firm in the 
overall network. First, we decided to use the closeness centrality measure instead of other 
centrality measures such as betweenness centrality. In contrast to betweenness, closeness 
centrality is more about reaching other firms efficiently, which is required for the 
dispersion of knowledge and information for impact. Next, betweenness centrality is more 
concerned with being in between other pairs of firms and associated with control and 
information benefits in terms of obtaining all knowledge and information that is circulating 
in the network. Accordingly, betweenness is linked with knowledge and information 
throughput and the creation of inventions, whereas closeness deals with the efficient reach 
of other firms. Second, we also used a normalized closeness centrality measure as a 
robustness check, because the networks of R&D alliances show in some of the years some 
disconnected components. The original closeness centrality measure is computed for each 
firm as the inverse of the sum of the distances to all other firms. The normalized closeness 
centrality measure takes the sum of the inverse of each distance to all other firms in the 
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network. Then, this measure can have a range from 0 to 1. Subsequently, we used this 
measure as a robustness check. 

4.3.4. Control variables 

We control for ‘firm size’ by including the number of employees in a firm per year in the 
models (in thousands) (Katila & Ahuja, 2002; Powell et al., 1996; Rothaermel & Deeds, 
2004). Larger firms may be more likely to be central players, have larger patent portfolios, 
and therefore may be more likely to generate higher levels of technological impact. 
Furthermore, R&D expenditures in billions of U.S. dollars are entered as a control 
variable, because firms who invest a lot in R&D may be more likely to generate impact. 
We also controlled for the firm’s operational performance by including the total sales of a 
firm (in millions of dollars). Controlling for sales is important in order to separate the 
effect of R&D expenditures, because the latter may be influenced by the first (Rothaermel 
& Hess, 2007). Entering both controls separately is preferred over an R&D intensity 
measure, in which expenditures are divided by sales, because high or low values could be 
the cause of either the sales volume or R&D expenditures. In order to control for 
unobserved heterogeneity we entered a firm fixed effect in all models as the number of 
biotechnological patents applied for in the five years prior to the observation period. This 
patent experience variable serves as a control for unobserved differences in firm 
knowledge stocks (Ahuja & Lampert, 2001; Schilling & Phelps, 2007; Srivastava & 
Gnyawali, 2011). This is valuable as it captures some of the unobserved firm 
characteristics and therefore counters possible unobserved heterogeneity (Blundell et al., 
1995; Griliches, 1990). Moreover, firms with more biotechnology patents are more likely 
to be cited subsequently. In fixed-effects models, which were used as a robustness check, 
this variable was dropped. Finally, we entered year dummies as year fixed effects. Because 
we investigate a 10-year time period, we need to control for time-varying factors that 
influence all firms, including macroeconomic circumstances. Inserting year dummies is 
functional, because they also control for any right truncation effect that might remain in the 
time series (Rothaermel & Hess, 2007). 

4.3.5. Analyses 

The dependent variables in our study, technological impact measured by the number of 
citations a firm’s patents receive in a certain year, is a count variable and contains only 
nonnegative values. A Poisson regression approach is normally suitable to predict count 
data, but the Poisson distribution assumes that the mean and variance of the dependent 
variable are equal to each other. Although the estimation of the regression coefficients is 
consistent, the standard errors are by and large underestimated. In our case, there is quite 
some overdispersion in the dependent variables, as the variances exceed the mean quite 
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heavily. Therefore, we apply the commonly used negative binomial regression model 
(Schilling & Phelps, 2007). Then, there is the choice between random effects and fixed 
effects modeling. Differences between both types of modeling are most of the times 
limited unless there is a lot of unobserved heterogeneity in the sample. We dealt with this 
issue both because of our sampling method as well as the inclusion of firm specific control 
variables, of which the individual firm patent experience is a firm fixed effect. Hence, we 
relied on the random effects negative binomial regression model and used the fixed effects 
model as a robustness check. 

4.4. Results 

4.4.1. Results 

Next, table 9 shows the descriptive statistics and correlations between the variables. We 
shortly discuss them here. On average each firm receives yearly 71,07 forward citations 
including self-citations, and on average 51,90 forward citations excluding self-citations. 
Furthermore, the average number of forward citations received from direct partners or the 
impact on direct partners is rather low with on average 2,28 citations yearly. One 
explanation for this low average is the fact that not every firm in the sample was engaged 
in alliances. Next, each firm received on average 13,98 forward citations from non-
partners, but from firms that are in the sample. Obviously, the scores of impact on direct 
partners and non-partners do not add up to the total number of citations. This is due to self-
citations and citations from non sampled firms, which are in the total citations, but 
subtracted in order to determine the citations from direct partners and non-partners. The 
values of the bivariate correlations between the different dependent variables show that 
impact on non-partners and the total technological impact are strongly correlated. The 
correlations with the citations from direct partners are not so high. On average, each firms 
is engaged in 2,81 R&D alliances yearly. As expected, degree centrality and our measure 
for closeness centrality do not correlate strongly, so that both variables capture different 
positions both theoretically as well as empirically. Then, in table 10 the results are shown 
of negative binomial random effects regressions on the different dependent variables. 



Table 9 Descriptive statistics and correlations a 

Variable Mean STD Min Max 1 2 3 4 5 6 7 8 9 10
1 Total cites 71,07 131,34 0 1382 1,00
2 Total cites minus self-cites 51,90 93,79 0 882 0,96 1,00
3 Cites alliance partners 2,28 9,51 0 139 0,66 0,66 1,00
4 Cites non-partners 13,98 27,67 0 298 0,87 0,91 0,48 1,00
5 Firm size 27,17 56,41 0 340,94 0,14 0,16 0,09 0,15 1,00
6 R&D Expenditures 0,40 0,77 0 5,52 0,37 0,39 0,32 0,34 0,77 1,00
7 Sales 7,33 17,79 0 195,81 0,13 0,14 0,10 0,13 0,68 0,55 1,00
8 Patent experience 34,12 76,21 0 567 0,63 0,61 0,55 0,51 0,17 0,31 0,18 1,00
9 Degree centrality 2,81 4,38 0 28 0,48 0,49 0,59 0,37 0,24 0,51 0,18 0,40 1,00
10 Closeness centrality 5,41 5,32 0 19,24 0,00 0,00 -0,06 0,00 -0,01 -0,02 0,07 -0,02 0,04 1,00
a N: 1469 firmyear observations in the period from 1990 - 2000



Table 10 Results of negative binomial random effects regressions a, b

Total cites Total cites minus self citations Cites alliance partners Cites non-partners
Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Firm size 0.005*** 0.004*** 0.004*** 0.005*** 0.003** 0.003** 0.017*** 0.007* 0.007*  0.003** 0.003** 0.003** 
(0.001) (0.001) (0.001)   (0.001) (0.001) (0.001)   (0.004) (0.003) (0.003)   (0.001) (0.001) (0.001)   

R&D Expenditures 0.045 0.023 0.028   -0.036 -0.037 -0.030   0.332** 0.227** 0.245** -0.060 -0.057 -0.050   
(0.058) (0.054) (0.053)   (0.060) (0.056) (0.055)   (0.105) (0.081) (0.079)   (0.066) (0.065) (0.065)   

Sales -0.008* -0.004 -0.006   -0.004 -0.000 -0.002   -0.061*** -0.031** -0.031** 0.002 0.003 0.002   
(0.004) (0.004) (0.004)   (0.003) (0.003) (0.003)   (0.015) (0.011) (0.011)   (0.003) (0.003) (0.003)   

Patent experience 0.006*** 0.005*** 0.005*** 0.006*** 0.006*** 0.006*** 0.007*** 0.008*** 0.008*** 0.008*** 0.007*** 0.007***
(0.001) (0.001) (0.001)   (0.001) (0.001) (0.001)   (0.001) (0.001) (0.001)   (0.001) (0.001) (0.001)   

Degree centrality 0.038*** 0.042*** 0.037*** 0.041*** 0.127*** 0.148*** 0.011 0.015*  
(0.006) (0.006)   (0.005) (0.005)   (0.011) (0.012)   (0.006) (0.006)   

Closeness centrality 0.025*** 0.023*** 0.071*** 0.022***
(0.005)   (0.005)   (0.020)   (0.006)   

Constant 0.786*** 0.801*** 0.660*** 0.926*** 0.921*** 0.798*** -1.324*** -1.789*** -2.363*** 0.616*** 0.624*** 0.522***
(0.096) (0.090) (0.095)   (0.095) (0.092) (0.096)   (0.238) (0.240) (0.279)   (0.093) (0.093) (0.098)   

Year dummies yes yes yes yes yes yes yes yes yes yes yes yes

chi2 1621,50 1689,36 1730,63 1606,55 1712,42 1737,97 202,77 488,83 531,77 964,73 959,80 974,99
N 1469 1469 1469 1469 1469 1469 1469 1469 1469 1469 1469 1469
a Standard errors in parentheses
b Two-tailed t-tests have been used: *p<0,05; **p<0,01; ***p<0,001
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In all three models 1 (with the different dependent variables), we find significant positive 
effects from ‘firm size’, and ‘patent experience’. First, when we zoom in on the total 
technological impact of a firm’s patents, we see that ‘degree centrality’ has a positive 
effect in the second model (b=0,038). When ‘closeness centrality’ is entered, the positive 
effect of ‘degree centrality’ remains significant, and ‘closeness’ has a positive significant 
effect (b=0,025). The models that use the total number of forward citations a firm received 
minus self-citations shows very similar results to the models with the total number of 
forward citations received including self-citations. Solely the insignificant positive effect 
of R&D expenditures remains insignificant but becomes negative in a model that excludes 
self-citations. A marginal effects analysis was conducted and showed that the effect size of 
degree centrality was 1,18 forward citations regarding the total impact including self-
citations. The effect size of degree centrality on forward citations excluding self-citations 
was 1,15. The effect size of closeness was 0,48 forward citations regarding the total impact 
including self-citations and 0,45 for models explaining forward citations excluding self-
citations. These results indicate that filtering for self-citations does not change results and 
therefore does not enhance the reliability of studies that focus on the impact of inventions. 
Hence, all other effects from the independent and control variables do not seem to change 
much in terms of significance, direction, and size. 

Second, we focus on the technological impact on a firm’s direct partners. In model 
2 regarding the citations from direct partners, a statistically significant effect is found of 
‘degree centrality’ (b=0,127), whereas the positive effect of ‘firm size’ becomes only 
marginally significant. Adding ‘closeness centrality’ in model 3, the effect of ‘degree 
centrality’ remains statistically significant (b=0,148), and ‘closeness’ centrality also shows 
a positive effect (b=0,071). 

Third, we found only a marginally statistically insignificant positive effect 
(b=0,011) from ‘degree centrality’ on the forward citations that a firm receives from non-
partners. When entering ‘closeness centrality’, which shows a significant positive effect 
(b=0,022), the effect of degree centrality becomes marginally significant (b=0,015). 

The first baseline hypothesis, suggesting a positive effect of the number of alliance 
partners on the technological impact of inventions is confirmed throughout the models. For 
testing hypothesis 1b, which suggested a stronger effect of degree centrality on the 
citations from direct partners, we computed the marginal effects based on the models 3 
regarding the forward citations from partners and forward citations from non-partners. 
There we found a total effect size of 4,13 citations from direct partners and a total effect 
size of 0,43 citations from non-partners explained by degree centrality16. Dividing these 
numbers by the corresponding standard deviations of the dependent variables results in 

16 Effect sizes were computed based on the marginal effects by the difference between the predicted 
minimum and maximum values on the dependent variables. 
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0,4344 standard deviations of citations from direct partners and only 0,0145 standard 
deviations of citations from non-partners explained by degree centrality This confirms the 
hypothesis that the positive relationship between the number of direct partners and the 
forward citations from direct partners is stronger than the positive relationship between the 
number of direct partners and the forward citations from non-partners. 

The second baseline hypothesis is also supported. That is, for both the technological 
impact of a firm’s inventions on partners as well as the impact on non-partners we find a 
positive relationship between closeness and the respective dependent variables. The 
marginal effects show an effect size of 1,34 forward citations from direct partners 
explained by a firm’s network position, which corresponds to 0,1412 standard deviations 
of citations from direct partners. The marginal effect of ‘closeness centrality’ on citations 
from non-partners is only 0,41 corresponding to 0,0140 standard deviations of citations 
from non-partners. Hence, hypothesis 2b is also supported which stated that the effect of 
closeness would be stronger for the impact on direct partners than the impact on non-
partners. Comparing the effects of degree centrality and closeness within models, we see 
that the effect of degree is twice as large as the effect of closeness on the citations received 
from direct partners. Subsequently, there is hardly any difference between the effects of 
degree and closeness in the model that explains the number of citations received from non-
partners. For citations from non-partners the size of the local network seems to matter only 
slightly more, although the difference in effect sizes is not statistically significant. 

4.4.2. Robustness checks 

Several robustness checks were carried out in order to find out the robustness of the 
aforementioned results. First, we also used the ‘normalized closeness centrality’ measures 
instead of the general ‘closeness centrality’ measure. The results from these analyses were 
similar to the ones shown in the table. Second, in another series of models we weighted the 
number of direct partners by the patents these partners had applied for in the five year 
before in order to capture the innovativeness of these partners (Ahuja, 2000a). Results 
indicated positive results for both independent variables on the total number of forward 
citations. A strong positive effect was found from patent-weighted-partner counts on 
citations from direct partners, but the coefficient from closeness became insignificant. For 
impact on non-partners there was no statistically significant effect of patent-weighted 
partner counts, and the effect of closeness was still positive and statistically significant. 
Finally, a fixed effects model was carried out as well. That also did not change the results. 
This was also supported by the Hausman test that showed no statistically significant 
differences between the fixed and random effects models (Hausman, Hall, & Griliches, 
1984; Hausman, 1978). Conclusively, the results seem to be very robust. 
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4.5. Conclusion & discussion 

4.5.1. Conclusions 

In this paper we studied the role of a firm’s position in the network structure for the 
technological impact of inventions. In contrast to many previous studies we have not 
considered the creation of inventions that may or may not become impactful (Ahuja & 
Lampert, 2001; Ahuja, 2000a; Sampson, 2007; Schilling & Phelps, 2007). Instead, we 
focused on the network antecedents for when the technological impact of inventions comes 
about. The second goal of the study was to take a closer look at the technological impact 
by excluding self citations. Moreover, we unfolded the concept of technological impact by 
differentiating which other firms are affected by a firm’s inventions. We discerned impact 
on direct alliance partners from impact on non-partners. Then impact on alliance partners is 
likely to be a consequence of knowledge sharing, whereas impact on non-partners may 
come forth out of information spillovers and access to codified knowledge about a firm’s 
inventions. Thirdly, we aimed to contribute to the development of a network theory of 
technological impact by separating local network effects from overall network effects 
(Gilsing et al., 2008; Powell et al., 1996). Therefore, the number of alliance partners was 
concentrated upon as a proxy for the local network effect and the closeness of a firm to 
other firms in the network captured a firm’s overall network position. 

Conclusively, the results indicate the existence of different forms of technological 
impact, i.e. on direct partners and non-partners, which are only to some extent related to 
each other. Citations from direct partners and citations from non-partners represent not 
only theoretically but also empirically distinct notions of technological impact (r = 0,48). 
On the one hand, impact on direct partners, which is seen as the extent to which partners 
reuse a focal firm’s inventions, comes forth out of knowledge sharing through interaction 
between the partners (Zander & Kogut, 1995). It was found that the more direct partners a 
firm has, the more likely it is that direct partners are affected by the firm’s inventions. 
Also, the more central a firm is in the overall network, the more its direct partners will be 
affected by the focal firm’s inventions. In line with our expectations, we found that the 
effect of closeness is smaller than the effect of the number of direct ties regarding the 
impact on direct partners. On the other hand, citations from non-partners are stronger 
related to the overall number of citations of a firm’s inventions. This suggests that citations 
from non-partners may be a more valid notion of impact, as this goes beyond knowledge 
sharing between directly collaborating firms. In turn, the impact of inventions on other 
industry firms, with whom a firm does not collaborate, is only for a small part explained by 
the number of alliance partners of a firm and the position of a firm in the network. We 
conclude that citations from non-partners are less explained by network factors and 
perhaps more dependent on specific characteristics of the inventions such as their renewal 
potential and familiarity. 
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Another conclusion from our study is that there are no large differences between 
measures based on forward citations that exclude self-citations versus measures based on 
forward citations that include self-citations. The results demonstrate that there is a very 
strong association between the impact measure with self-citations and the measure without 
self-citations. Also the results from the regression models show very similar results from 
our main independent variables on both dependent variables. Conclusively, controlling for 
self-citations might not matter so much in research on innovation outcomes that is based on 
patents and patent citations. 

4.5.2. Discussion 

From our results, several implications for social network theory and theory on innovation 
management can be derived. For network theory, our results show that both a position in 
the local network and a firm’s position in the wider network should be conjointly taken 
into account when studying interfirm networks (Borgatti & Foster, 2003). For example, a 
few studies, which combine structural and relational characteristics, show the importance 
of the strength of relationships and a firm’s position in the wider network for a firm’s 
innovative performance (Gilsing & Duysters, 2008; Granovetter, 1985; Rowley et al., 
2000). Future research should continue this line of research by considering a firm’s 
position in the local and the overall network, as well as relational characteristics and 
partner attributes. Furthermore, our study provides input for theory on innovation 
management (Fagerberg & Verspagen, 2009) by suggesting that there might be agency in 
the process of impact generation. That is, firms may actively manage their alliance 
portfolio and play themselves in the picture in terms of their overall network position in 
order for their inventions to become technological breakthroughs (Wassmer, 2008). In 
terms of open innovation (Chesbrough, 2003), this paper concentrates on the inside-out 
flow of knowledge and information about a firm’s inventions, whereas most research on 
innovation focuses on knowledge flowing from the outside in the organization. Although, 
scholars combined theory on social networks with theory on innovation extensively, we 
join the view that more important research is still to be done in this area (Phelps et al., 
2012). 

Some general limitations to our study apply such as the fact that we used secondary 
data on alliances, which may not be fully complete (Schilling, 2009). Furthermore, the 
usual limitations of patent data apply, such as that our data represents one industry setting, 
in which patents serve as proxies for inventions. Specifically, the spread of information 
about inventions that contributes to the technological impact will also largely depend on 
the intellectual property regime (Cohen, Nelson, & Walsh, 2000; Malerba & Orsenigo, 
1996). Another limitation of our study is the question how reliable the local and overall 
network effects on the impact of a firm’s inventions are. Specifically, we focused on 
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characteristics of the firm whose inventions had an impact on direct partners versus non-
partners, without directly taking into consideration the characteristics of these partners. In 
our robustness checks we did carry out analyses with the number of partners weighted by 
the number of patents these partners applied for. These results supported the importance of 
the local network for impact on direct partners and the influence of a firm’s overall 
network position for the impact on non-partners. Nevertheless, as a suggestion for future 
research we believe that partner characteristics are important in studies on the creation of 
inventions, e.g. the study in the previous chapter, as well as in studies on the impact of 
inventions. Then it may turn out that besides the number of ties and the position of a firm 
in a network, the choice of an alliance partner is also very important (Lavie, 2006; 
Wassmer, 2008). The first attempts of such studies have already been conducted and we 
suggest further research should be done (Rothaermel & Hess, 2007). Another suggestion 
for future research is to look whether different types of technological impacts also matter 
in terms of a firm’s financial performance. Would impact on direct partners matter more or 
less then impact on non-partners in terms gaining a competitive advantage. Specifically, 
this would extent previous research that investigated the value of forward citations (Hall et 
al., 2005). 

In terms of managerial implications we find that managers should be aware of both 
the number of alliance partners as well as their overall network position when the impact 
of their inventions is concerned. Managers have already been informed by numerous 
studies on how to create impactful inventions (Ahuja & Lampert, 2001; Phene et al., 2006; 
Srivastava & Gnyawali, 2011), but after the creation the impact can be increased as well by 
purposefully dispersing information on inventions throughout the network. Our findings 
indicate that managers should specifically focus on maintaining a certain number of 
alliances, but not without considering how these alliances may affect their overall network 
position (Rowley & Baum, 2004). So, to the extent that a firm’s R&D strategy aims at high 
impact inventions, managers should think about and actively try to control their network 
position as a way to influence the impact of their inventions. Partner selection may 
therefore be a critical condition, on which we look forward to see more research carried out 
in the future. 
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Chapter 5 

Bridging for Breakthroughs: A Final Discussion 

5.1. Introduction 

This dissertation has started by outlining the importance of radical innovations for firms 
and industries, and the role of interfirm collaboration for the creation of radical 
innovations. Specifically, the three studies have focused on the antecedents of radical 
innovations in the context of established firms. The overarching research question has been 
asked: What are the characteristics and antecedents of radical innovations and what role 
does interfirm collaboration play in their creation? Notwithstanding the radical 
innovations that have been created by lone inventors or entrepreneurial startup companies, 
this dissertation has focused on established firms and the role of external collaboration for 
the creation of radical innovations. Then, several conclusions can be drawn from the 
findings of the three studies. Before going into the implications of these findings, the 
individual conclusions of the three studies are shortly recapitulated. Then, the contributions 
to the literature and implications for management are discussed later on. 

5.2. Main conclusions 

5.2.1. Main conclusions first study 

The first study has taken a closer look at the concept of radical innovations before focusing 
on the role of interfirm collaboration for the creation of radical innovations in the second 
and third study. By going back to the work of Schumpeter (1934, 1947), two dimensions of 
innovation radicalness have been discerned – i.e. the recombination and impact dimension. 
As these dimensions represent two theoretical continuums, the first study was concerned 
with the relationship between recombination and impact.  

The main finding from this study has been that moderate degrees of recombination 
are mostly related to high impact as compared to low or high degrees of recombination. 
Furthermore, it has been demonstrated that inventions, which build on components derived 
from a diverse range of technological domains, are most likely to result into breakthroughs. 
This outcome confirms and extends earlier research, as Schoenmakers & Duysters (2011) 
already showed that the number of technological fields, where components are taken from, 
is positively related to technological impact, whereas Nemet & Johnson (2012) 
demonstrated that combinations of components that are related to each other over larger 
technological distances are more likely to become breakthroughs. The results from the first 
chapter have shown a delicate nuance in the findings of these previous studies by 
mentioning that it is not merely increasing the number of technological fields nor 
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increasing the technological distance between components from these fields. Instead, 
breakthrough inventions are more likely to be created out of the subtle recombination of 
components from near, adjacent, and distant technological domains.  

Comparing different combinations of components, which come from near, adjacent, 
and distant technological domains, has revealed that adjacent technological components 
are important for breakthrough creation. However, both inventions that are based on only 
adjacent components, and inventions that are based on near and distant components do not 
come close to the technological impact of combinations that are based on near, distant, and 
adjacent technological components. This is an important insight, because it shows that 
technological bridges, such as adjacent knowledge, need to be present within an invention 
for subsequent impact. Adjacency seems to be a crucial factor that has not been regarded in 
research on radical innovations before. There are two explanations why adjacent 
technologies appear to be important regarding the relationship between recombination and 
impact. 

First, adjacent technologies seems to form a technological bridge between familiar 
technologies from local technological domains, and unknown technologies from distant 
domains. Inventions that are combinations of only adjacent components do not turn out to 
build technological bridges as these inventions consist merely of technologies from 
domains in between near and distant technological domains. Inventions that consist of near 
and distant technological components seem to lack the adhesive adjacent components that 
bring coherence in the process of recombination. Essentially, adjacent components can be 
understood as the important ‘glue’ that melts the technological components from near and 
distant technological domains and connects familiarity with novelty value accordingly. 

Second, adjacent components contribute to the understanding of the invention 
under the assumption that inventors are probably also quite familiar with technologies from 
adjacent technological domains. Inventors who are familiar with local technologies may be 
supported by the recognizable adjacent technologies for gaining an understanding of the 
unknown and unfamiliar distant technological components. Specifically, the adjacent 
technological components may contribute to the cognitive legitimacy of the invention 
within both near and distant technological domains. Theoretically, combinations of only 
near and distant technologies would consist of familiar and legitimate technological 
components for merely half of the invention, whereas combinations of near, adjacent, and 
distant components would contain two thirds of familiar technologies. Thus, novel 
inventions are more likely to be based on previous inventions that are combinations of 
near, adjacent and distant technological components, which carry both novelty value, and 
bear enough familiarity to be understood. 

Hence, the findings of the first study stress the importance of technology bridging 
for the creation of breakthroughs as combinations of near, adjacent, and distant
technologies that are most strongly related to high levels of technological impact. 
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5.2.2. Main conclusions second study 

The role of interfirm collaboration for the creation of breakthroughs has been investigated 
in the second study. Explicitly, the following question has been asked: What are the effects 
of a firm’s network position and specific partner attributes on the creation of 
breakthroughs? First, it has been shown that the creation of breakthroughs is not based on 
randomness and good luck as presupposed in anecdotes on radical innovations. Instead, 
firms can develop a capability to create breakthrough inventions and they can organize 
themselves through their external collaboration network for the creation of breakthroughs. 
Study two has indicated that breakthrough creation is not concerned with a firm’s number 
of patent applications, but with the number of prior breakthroughs a firm has created. This 
suggests that firms can learn and become experienced in creating breakthroughs, as 
breakthroughs do not seem to be the result of simply creating many inventions. 

Second, the results have signaled that firms can organize for breakthroughs, 
because the firm’s position in the network and the attributes of their partners are highly 
important for the creation of breakthroughs. Moreover, having added these variables to the 
models, has made the random chance effect of patenting experience on the creation of 
breakthroughs disappear. In particular, the position of a firm in the overall network 
structure matters critically to the extent that firms are able to create breakthrough 
inventions. That is, firms in the semi-periphery of the industry network are more likely to 
create breakthroughs than centrally or peripherally located firms. 

On the one hand, peripheral firms lack the information and control benefits as 
compared to central firms. Then, peripheral firms are less visible and therefore less able to 
attract other firms to collaborate with. As a result, peripheral firms will not have the same 
access to the same amount of non-redundant knowledge as compared to central firms. 
Moreover, peripheral firms are generally not the leaders in the industry and they are more 
likely to deal with resource constraints. Consequently, peripheral firms are less able to 
pursuit multiple innovative projects and therefore have less opportunities to create 
breakthroughs. On the other hand, central firms may have too much access to non-
redundant knowledge and information, and are cognitive unable to absorb, recombine, and 
create unique and novel technologies. Moreover, central firms with good past performance 
records may become locked in their current streams of thought and hold on to their current 
routines and technologies, as they do not have many incentives to change the status quo.. 
Therefore, central firms pass by the opportunities to experiment with novel technologies 
and may prefer to recombine local knowledge in their inventions, so that they end up in a 
state of myopia (Levinthal & March, 1993). 

In summary, semi-peripheral firms benefit from their network position in terms of 
being visible enough to attract partners with non-redundant knowledge. Moreover, semi-
peripheral firms benefit from some level of visibility and reputation, so that the inventions 
of semi-peripheral firm is likely to be built upon by other firms. Furthermore, these semi-
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peripheral firms are both less likely to become subject to the competency traps and Not-
Invented-Here syndrome as compared to central firms, so that semi-peripheral firms are 
expected to be more open to distant knowledge and exploration than central firms. 

There is another possible interpretation of the network positional advantage for 
firms in the semi-periphery of the network, which is in line with the findings of the first 
study. This explanation would substantiate the importance of adjacency as it has been 
found in the first study. It entails that semi-peripheral firms may benefit from bridging 
firms that lie in the periphery and center of the network. From the perspective of semi-
peripheral firms, the direct partners that reside in the periphery of the network may provide 
access to distant technologies. This suggestion presupposes that peripheral firms are rather 
specialized in a technological domain that is increasingly distant from the core 
technologies in the industry. That is, peripheral firms are more likely to possess a smaller 
fraction of increasingly distant knowledge, as they may be more specialized in one or a few 
technologies that are not part of the mainstream technologies in the industry. Again from 
the perspective of semi-peripheral firms, the direct partners that reside in the center of the 
network may provide access to the more core technologies of the industry. Consequently, 
semi-peripheral firms would be better positioned for technology bridging, because they are 
adjacent to both the periphery and to the center of the network. Such an interpretation of 
our findings echoes the findings of the first study by showing the importance of adjacency 
and technology bridging in terms of a firm’s position in the network structure. 

Finally, the breakthrough creating experience of partners has also been shown to 
affect a firm’s propensity to create breakthrough inventions. This could demonstrate the 
transferability of a breakthrough creating capability as a result of interfirm learning. The 
diversity of the external knowledge, to which firms gain access, also positively affects a 
firm’s probability to create breakthroughs. Nonetheless, the effect of external knowledge 
diversity is significantly smaller as compared to the effects of the breakthrough experience 
of a firm’s partners and a firm’s position in the network structure. Hence, the second study 
has shown that a firm’s network position is a powerful explanatory variable for a firm’s 
propensity to create breakthrough inventions. It turns out that the social network 
perspective, which has been represented by a firm’s position in the network is at least 
equally important for explaining the creation of breakthroughs as compared to the external 
resource based view, which has been represented by specific partner attributes. 

5.2.3. Main conclusions third study 

Whereas the second study has focused on the creation of breakthroughs, the third study has 
dealt with the antecedents of the technological impact of inventions. Furthermore, the 
technological impact has been split up in local and global impact in the interfirm network 
in which a firm is positioned. The question has been asked: What is the role of external 
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collaboration for the local and global impact of inventions? Local impact has been 
operationalized as the extent to which direct alliance partners cite a firm’s patents, whereas 
global impact has been described as the extent to which non-partners cite a firm’s patents. 

In contrast with the second study, which has focused on the year in which a 
breakthrough patent has been applied for, the third study has focused on the year in which 
a firm’s patents have been cited – i.e. the application year of the citing patent. Then, the 
study has shown that the effect of the number of a firm’s direct ties is larger than the effect 
of a firm’s closeness to all other firms in the network structure on the local impact of a 
firm’s inventions. For the impact on non-partners, the effects of the number of direct 
partners and the closeness of the focal firm to all other firms in the network structure are 
both positive, although of smaller magnitude. These findings suggest that the impact of 
inventions on non-partners, i.e. citations from non-partners, may also depend on other 
factors than the network position of the focal firm in the industry. 

A couple of these untested factors, which would lead to the impact of inventions, 
could be related to the characteristics of the underlying inventions of the focal firm. For 
example, in the first study it has been argued and found that the degree of recombination 
matters critically for the impact of inventions. Then, both the renewal potential of 
inventions and the familiarity of other firms with these inventions are probably important 
for the subsequent technological impact. Other factors that could affect the impact of 
inventions may be related to the knowledge bases of the direct and the non-partners and are 
not so much concerned with characteristics of the focal firm. In other words, attribute 
based measures of direct partners and non-partners may have more explanatory power 
regarding the technological impact of a focal firm’s inventions than network-structural 
antecedents related to the focal firm. For example, the complementarities between the 
knowledge bases of other firms and the technological inventions of the focal firm might be 
important as well (Baum et al., 2010; Cowan et al., 2007). Non-partnering firms might not 
be citing a focal firm’s inventions when their knowledge bases overlap too much, because 
the focal firm’s inventions would not provide many new insights to these non-partnering 
firms. When the technological distance between non-partnering firms and the focal firm 
becomes too large, these non-partnering firms may not understand the focal firm’s 
technologies, which makes interfirm learning difficult. Then, these other firms also do not 
cite a focal firm’s patents when the technological distance between the knowledge bases of 
the non-partnering firms and the focal firm is too high. Conclusively, patent citations from 
non-partners in particular are only to a small extent driven by the position of the focal firm 
in the local and overall network structure. Instead, other factors might be more important. 
In the next section, these conclusions will be reflected upon in terms of theoretical 
implications of the findings and contributions to the literature. 



122 

5.3. Contributions to the literature 

This dissertation extends organizational research on radical innovations by examining the 
relationship between recombination and impact, and by studying the role of interfirm 
relationships and networks for the creation of breakthroughs and the technological impact 
of inventions. There are three streams of literature where this dissertation tries to make a 
direct contribution. 

First, new insights are provided for literature on knowledge recombination. Our results 
extend research conducted by other scholars, who demonstrated the importance of 
technology bridging for radical innovations (Hargadon, 2003; Phene et al., 2006). Three 
metaphors resemble the three types of new combinations with intermediate degrees of 
recombination from the second chapter. These three separate types of new combinations, in 
which technological bridging can be discerned, are illustrated by using the image of 
“islands” and a “bridge” between them. For example, there is technology bridging that 
results from the recombination of near and distant technological components. This would 
be represented by two islands without a bridge in between them. Second, an invention, in 
which only adjacent knowledge is recombined, corresponds to a bridge that does not 
connect two distinct islands. Finally, there are inventions that combine near, adjacent, and 
distant technologies. These inventions are illustrations of a connecting bridge between two 
distinct islands. Inventions that are consistent with the last example are most likely to gain 
impact. In these inventions, the near and distant technologies are not purely separated 
components, but they form a coherent new combination due to the adjacent components. 

Then, beyond technology bridging in general, breakthrough inventions do not 
simply consist of many components or components that are increasingly distant from each 
other in technological terms (Nemet & Johnson, 2012; Schoenmakers & Duysters, 2010). 
In fact, breakthroughs are often combinations of both near, adjacent and distant
technologies. Whereas firms possess knowledge about the technologies that they use on a 
daily basis – i.e. near technologies – firms need to search beyond their organizational and 
industry boundaries for distant knowledge. For the knowledge based theory of the firm 
(Grant, 1996; Nonaka, 1994), this means that a firm’s knowledge becomes especially 
valuable for breakthroughs once exchanged with other firms that possess knowledge about 
adjacent and distant technologies. Especially in rapidly changing technological 
environments, firms need to continuously search for new combinations of knowledge in 
order to deliver the next generation of breakthroughs (Eisenhardt & Martin, 2000; Teece & 
Pisano, 1994). Nevertheless, most interesting is our finding about the importance of 
adjacency, as the technological bridge between near and distant technologies, for the 
creation of breakthroughs. 
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Specifically, in addition to knowledge about near and distant technologies, our 
study stresses the importance of adjacent technologies that serves as a bridge between near 
and distant technologies. Inventions, which consist of only near and distant or only 
adjacent technological components, turn out to be less likely to become impactful than 
inventions that include both near, adjacent, and distant technological components. This 
finding contributes also to theory on dynamic capabilities by stressing the fact that firms in 
the pursuit of breakthroughs need to be able to continuously look for combinations of near, 
adjacent, and distant technologies. This can be achieved by adapting both their internal and 
external knowledge resources. Firms need to think about and incorporate adjacent 
technologies in their inventions, because these seem to serve as ‘glue’ between near and 
distant technologies. Apparently, breakthroughs are most likely to be new combinations of 
technologies that show uniqueness, novelty, but also coherence, which can be shaped by 
including adjacent components. Moreover, adjacent technological components may 
contribute to the legitimacy of inventions as these inventions are to a larger extent based on 
familiar technologies than inventions that contain only near and distant technologies. 
Inventions that are based on only near and distant technologies may lack recognition and 
coherence and are therefore not considered as directly valuable for subsequent inventions, 
i.e. such inventions are less likely to gain impact. 

The importance of technology bridging for radical innovation has been reinforced 
by the results from the second empirical chapter, which show that semi-peripheral firms 
are better off regarding the creation of breakthroughs than central and peripheral firms. 
Using the metaphor again, central firms and peripheral firms can be approximated as 
islands with a semi-peripheral firm as a bridge in-between them. The firms in the semi-
periphery are most likely to create breakthroughs as they can form the bridge between 
firms in the center and periphery of the network. Essentially, this gives them the advantage 
to access local knowledge from the center of the network and distant knowledge from their 
peripheral partners. Conclusively, adjacency seems not only important on the technology 
level, but is also important for firms when their network position is concerned. 

Second, there are several implications for social network theory. In particular, combining 
the insights from the second and third study answers the call for network theories, in this 
case a network theory of organizing for radical innovation (Borgatti & Halgin, 2011; 
Salancik, 1995). This dissertation has shown the importance of a firm’s network position 
both for the creation of breakthroughs as well as for the technological impact of inventions. 
However, different positions seem to be important for either the creation of breakthroughs 
or the technological impact of a firm’s inventions. 

On the one hand, firms in the semi-periphery of the network are better positioned 
for the creation of breakthroughs as compared to central or peripheral firms. Central firms 
in the industry network are often well performing firms (Lee, 2009; Powell et al., 1996) but 
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may suffer from competency traps by preferring existing technologies and established 
routines over the exploration of new ones (Ahuja & Lampert, 2001; Levitt & March, 
1988). One possible explanation for our finding that peripheral firms are less likely to 
create breakthroughs is that peripheral firms do not have the same resources in terms of 
human, financial and intellectual capital to carry out multiple innovation projects. 
Moreover, peripheral firms do not have so much access to non-redundant external 
knowledge in order to create valuable new combinations. Once these firms constantly fail 
to find potentially valuable inventions, they may suffer from a failure trap. Essentially, 
they may end up in a random drift searching for breakthroughs by continuously developing 
new inventions, that substitute preceding unsuccessful inventions (Levinthal & March, 
1993). Adjacency does not only matter on the invention level as important for 
breakthroughs, but also on the organizational level it turns out that semi-peripheral firms 
are in the best position for creating breakthroughs. Particularly, for the creation of 
breakthroughs, firms that are in between firms at the periphery and the center of the 
network are most likely to create breakthroughs. However, firms must not be in between 
too many other firms, which gives them a too central position so that they run into a 
cognitive overload. The latter means that central firms are less able to assimilate all the 
external knowledge, to recombine this knowledge, and to create novel inventions. In other 
words, adjacency in terms of a firm’s network position can be interpreted as a balancing 
act of allying with firms from both the periphery and the center of the network. 

On the other hand, centrally located firms – i.e. firms that are on average close to 
many other firms – gain increased technological impact of their inventions. Being closely 
positioned to all other firms in the network enables central firms to reach the other actors 
efficiently with knowledge and information about their inventions. These findings of the 
importance of a certain network position for breakthrough creation and technological 
impact shed light on the benefits from different network positions for different 
performance dimensions of firms. Specifically, for the creation of breakthroughs, a firm 
should be located in the semi-periphery of the network in terms of being in between 
peripheral and central firms. For technological impact, firms seem to need a more central 
position in terms of being on average close to other firms in the network. These results 
require future research on the pros and cons of specific network positions for different 
phenomena as it gently challenges the paradox of embeddedness (Uzzi, 1997). The 
paradox of embeddedness predicts that embeddedness in terms of being central in the 
industry network structure can be beneficial until a certain threshold, after which a too 
central position may turn into a liability for firms. Essentially, firms can become over 
embedded when it comes to the creation of breakthroughs, but firms cannot be too central 
when it comes to the impact of their inventions. In other words, the paradox of 
embeddedness holds for the creation of breakthroughs, because a too central network 
position, i.e. firms that are over embedded, is detrimental for the creation of breakthroughs. 
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However, there does not seem to be a paradox of embeddedness when it comes to the 
impact of inventions, because the closer a firm is to all other firms in the network, the more 
likely it is that its inventions gain impact. Essentially, there seems to be a trade-off for 
firms when it comes to the influence of their network position on the creation of 
breakthroughs and the impact of their inventions. 

Nonetheless, one needs to keep in mind that different conceptualizations of 
centrality have been applied. That is, in addition to the conclusion that different network 
positions are beneficial for different outcomes, the study on the creation of breakthroughs 
has found an inverted-U shaped effect of betweenness centrality, whereas the study on 
technological impact has found a positive effect of the measure based on closeness 
centrality. Then, the conclusion that different network positions are beneficial for different 
outcomes could be driven by the use of different centrality conceptualizations. The 
motivation for applying betweenness centrality for studying the creation of breakthroughs, 
and closeness centrality in the context of technological impact has been conceptually 
driven. That is, betweenness centrality is often associated with the throughput of 
knowledge, because it captures the extent to which a firm is located on paths of knowledge 
flows between any pair of other firms in the network. Closeness centrality is not directly 
related to the throughput of knowledge but takes the focal firm’s perspective as it reflects 
to extent to which a firm is close to each of the other firms in the network independently. 
Accordingly, the assumption is that betweenness centrality suits the study that concentrates 
on how firms obtain non-redundant knowledge and information that flows around in the 
network, whereas closeness centrality is appropriate for studying how information and 
knowledge about a firm’s inventions is dispersed efficiently to all other firms independent 
from each other. 

One important clarification needs to be made regarding the operationalization of 
closeness centrality, because centrality measures are often quite correlated with each other. 
That is, the effect of the global network position (closeness centrality) has been separated 
from the number of direct ties. The original closeness centrality measure (Freeman, 1978) 
has been divided by the number of direct ties in order to obtain the average contribution of 
each direct partner in terms of bringing the focal firm closer to the other firms in the 
network (Schilling & Phelps, 2007). The correlation between this measure of closeness and 
the measure of betweenness centrality correlated almost zero with each other. The 
correlation between the original measures for closeness and betweenness has been around 
0,50. First, this information strengthens the conclusion that different conceptualizations of 
different network positions matter for different outcomes. Furthermore, it also emphasizes 
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the need for network scholars to think carefully about the correct conceptualization of 
centrality in relation to the phenomenon under study.17

Finally, our findings show the importance of interfirm networks and a firm’s 
position herein for a firm’s performance in terms of the number of breakthroughs they 
created and the technological impact of inventions. Next to the studies in this dissertation, 
previous studies have shown the importance of a firm’s network position for the innovative 
performance of firms (Gilsing et al., 2008; Schilling & Phelps, 2007). When the firm’s 
network position plays such an important role, then the interesting question becomes what 
drives this network position of a firm? Put differently, our findings reinforce an earlier call 
for future research that investigates the antecedents of a firm’s position in the network – 
i.e. the position of the firm in the network as the dependent variable (Raab & Kenis, 2009). 
For example, one study investigated the effect of certain industry events on transitions in 
the interfirm network (Madhavan et al., 1998). We look forward to future studies that 
concentrate on interfirm network dynamics and the antecedents for a firm’s network 
position. Furthermore, the question can be asked if there is agency in terms of whether 
firms can locate themselves in a certain position in the network structure? Again, future 
research should not only conceptually but also empirically differentiate between different 
ideas of network centrality in order to advance research on the pros and cons of certain 
network positions and network evolution. 

Third, our study provides implications for the extended resource based view of the firm 
(Lavie, 2006) and the management of alliance portfolios (Hoffmann, 2007; Wassmer, 
2008). Our contribution lies in the comparison of characteristics of a firm’s alliance 
portfolio and the attributes of individual partners, which are the external knowledge 
diversity in the alliance portfolio and the breakthrough experience of a firm’s alliance 
partners. Besides that our results imply that both portfolio characteristics and partner 
attribute variables should be jointly considered with variables related to the network 
structure, our results also indicate that alliance portfolio and individual partner 
characteristics are differently important for explaining in this case the creation of 
breakthroughs. That is, the attribute of individual alliance partners, i.e. partner 
breakthrough experience, has demonstrated a larger effect size and more explanatory 
power regarding the creation of breakthroughs than external knowledge diversity, which 
can be seen as an alliance portfolio characteristic. 

17 Moreover, the argumentation is further supported by the empirical results, which have neither 
shown a significant effect from average closeness to all other firms in the network on the creation 
of breakthroughs, nor a significant effect from betweenness centrality on the impact of inventions. 
These analyses have been post hoc conducted and are not reported, although they are available 
upon request. 
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Furthermore, alliance portfolio and external knowledge diversity have been 
investigated extensively in previous studies that look into the innovative performance of 
firms (Gilsing et al., 2008; Laursen & Salter, 2006; Oerlemans et al., 2013; Phelps, 2010; 
Sampson, 2007; Srivastava & Gnyawali, 2011). For exploratory innovation and 
breakthroughs a positive effect was found from alliance portfolio diversity, which was 
confirmed in the second study of this dissertation (Phelps, 2010; Srivastava & Gnyawali, 
2011). In addition, our study shows that there are individual partner attributes – i.e. partner 
breakthrough experience – that are more important for explaining the creation of 
breakthroughs than portfolio characteristics – i.e. external knowledge diversity. 
Essentially, enough research seems to have already considered alliance portfolio diversity, 
which gives the impression to matter only marginally for the creation of breakthroughs, 
whereas other perhaps even more important characteristics of partners remain 
underemphasized. Future research should carefully consider both characteristics of alliance 
portfolios and individual partner attributes in order to get a richer body of literature on the 
extended resource based view and alliance portfolios. Such research would enhance our 
understanding about the importance of individual partner selection based on the 
characteristics of and complementarities between these partners. Moreover, such research 
will inform entrepreneurial startups on how to develop their alliance portfolio and 
established firms on how to develop strategies for managing their alliance portfolios 
(Hoffmann, 2007; Ozcan & Eisenhardt, 2009). 

These are the main contributions of the three studies for theory on knowledge 
recombination, social network theory, and the extended resource based view of the firm. 
Subsequently, we shortly discuss the implications of our findings for both R&D and 
alliance managers. 

5.4. Implications for managers 

R&D managers with the task to discover the next generation of technologies may learn 
from the implications of the three studies that have been described throughout this 
dissertation. First, for the development of impactful inventions it has been shown that 
R&D managers need to create environments, in which inventors go beyond their familiar 
technologies and search for valuable components in adjacent and distant technological 
domains. Such environments can be created for example by setting up teams with inventors 
from different backgrounds. These teams could be set up internally, but the previous 
studies have shown the important role of interfirm collaboration, so that firms are advised 
to search for adjacent and distant knowledge beyond their organizational and beyond the 
industry boundaries (Phene et al., 2006; Rosenkopf & Almeida, 2003; Rosenkopf & 
Nerkar, 2001). Especially, the importance of adjacent technologies as bridges between near 
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and distant technologies can be an incentive for R&D managers and inventors to search for 
and incorporate adjacent technologies in the creation of new inventions. 

Furthermore, both the study on the creation of breakthroughs and the study on 
technological impact of inventions have demonstrated the importance of a firm’s position 
in the network. Both R&D and especially alliance managers should be aware of what the 
interfirm network looks like and the benefits that go with certain network positions. 
Nevertheless, research has shown that most managers fail to gain an accurate perception of 
the network structure and their firm’s position herein (Kilduff, Crossland, Tsai, & 
Krackhardt, 2008). Alliance managers differ in the accuracy of their perception regarding 
the real structure of the interorganizational network and they differ in their understanding 
of the benefits from certain positions in the network (Casciaro, 1998; Rowley & Baum, 
2004). Accordingly, this dissertation may contribute to creating awareness among both 
alliance and R&D managers about the possible value of a firm’s position in the network 
structure. Once alliance managers would have an accurate perception of the network 
structure, they may strive for positioning their firm in the semi-periphery of the network 
for the creation of breakthroughs, and a more central network position for the technological 
impact of their inventions. This is not an simple task, especially because the position of a 
firm in the network also depends on the actions of all other firms. 

The implication for managers about the trade-off of benefits from different network 
positions for the creation of breakthroughs versus the impact of inventions is now shortly 
elaborated upon beyond the direct scope of this dissertation. Past research already found 
that established firms, who are more likely to be central, benefit from corporate venture 
capital investments in smaller entrepreneurial startups in terms of their innovative 
performance (Dushnitsky & Lenox, 2005). In addition, it was illustrated that large 
established firms benefit from an organizational structure, in which a dedicated 
organization, e.g. an entrepreneurial unit, concentrates on the creation of radical inventions 
(O’Connor & DeMartino, 2006). After the creation of the inventions by the entrepreneurial 
unit, the inventions are mostly further developed by the established firm and accelerated in 
terms of increasing their technological impact. The further development of inventions, 
which have been created by the entrepreneurial unit, is sometimes preceded by an 
acquisition of the unit by the established firm, which enhances the innovative performance 
of the acquiring firm (Ahuja & Katila, 2001). However, the unique task of the acquired 
unit, which has been the pursuit of radical inventions, is then increasingly exposed to the 
risks of the Not-Invented-Here syndrome and the same competency traps that established 
firms have to deal with (Ahuja & Lampert, 2001; Katz & Allen, 1982). 

Combining the findings from these previous studies with our research, would 
suggest that established firms in the pursuit of breakthroughs may consider an investment 
in smaller entrepreneurial units. Then, the entrepreneurial unit may reside in the semi-
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periphery of the interfirm network for the creation of breakthroughs, whereas the 
corporation is in a more central position for the impact of the inventions. As stated above, 
this goes beyond the scope of this dissertation but seems a promising area for future 
research on organizing for radical innovation. 

Another implication from our research for managers deals with the selection of specific 
alliance partners. For the creation of breakthroughs, R&D managers may learn from 
interfirm partners that have experience with creating breakthrough inventions. 
Furthermore, given the positive effect from external knowledge diversity on breakthrough 
creation, the selection of external partners should be based on whether they increase the 
diversity of the external knowledge. Hence, management should not only consider the 
specific attributes of each individual partner, but also the complementarities between these 
partners as the overall alliance portfolio should be paid attention to (Hoffmann, 2007; 
Ozcan & Eisenhardt, 2009). 

A comparison of our results with the often found inverted-U shaped relationship 
between alliance portfolio diversity and innovation in general reveals an additional trade-
off for management to consider (Gilsing et al., 2008; Sampson, 2007). Too much external 
diversity enhances a firm’s chances for breakthroughs, but seems detrimental for 
incremental innovation. For the development of innovations along the continuum of 
radicalness, management may opt for not too much diversity in their alliance portfolio on 
behalf of the creation of incremental innovations, and selecting partners with breakthrough 
experience for the creation of breakthroughs. Ultimately, management should base their 
alliance strategy on the ambitions of the firm in terms of their innovative outcomes. 

For the technological impact of inventions the recommendation is a little more 
nuanced as the analysis revealed a positive effect of the number of direct collaboration 
partners on the technological impact of inventions. This suggests that firms should 
collaborate with as much partners as they can. However, due to increasing transaction costs 
of maintaining many ties (Jones, Hesterly, & Borgatti, 1997), our suggestion for 
management is to be selective again in the choice for specific organizational partners. 

A final implication for managers is concerned with the trade-off between a firm’s network 
position and the selection of partners. Put differently, it can be difficult for firms to obtain 
a position in the semi-periphery of the network on the one hand and selecting partners that 
increase external knowledge diversity and have breakthrough experience on the other hand. 
That is, firms should carefully select their direct partners and keep their number in mind, 
because too many direct partners also increase the centrality of a firm in the network. Once 
a firm becomes to centrally located, the firm may run into problems as cognitive overload, 
which would impede a firm’s ability to create breakthroughs. Although, it is important how 
and who is reached by a firm, these two aspects are interrelated. Therefore, strategic 
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thinking is required in terms of a firm’s network position and the selection of alliance 
partners. In the final section, several further areas for future research will be discussed. 

5.5. Final suggestions for future research 

The three studies in this dissertation show a coherent picture of the importance of 
technological bridging in terms of recombination across technological domains and 
interorganizational relationships and networks for radical innovation. Notwithstanding the 
conclusions and implications of this dissertation, there are a few other suggestions for 
future research to be pointed out. 

First, the studies in this dissertation have been based on multiple analyses of 
different datasets from a large quantitative database, which has been extensively described 
in the introduction and empirical chapters. The use of this quantitative database has been 
very appropriate for investigating the characteristics of radical innovations and the role of 
external collaboration. However, the findings have raised additional research questions that 
cannot be answered by means of this data. For example, the use of patent data is generally 
accepted as a representation of inventions among academic scholars, but it does not capture 
the commercialization processes of radical innovations. Besides patents there are probably 
quite some hidden inventions, which have not been patented and which are very hard for 
scholars to observe and investigate. Future research may come up with original measures 
for innovation and establish connections between patents, product announcements, and 
even product revenues – e.g. studies as the one that was carried out by Hagedoorn & 
Cloodt (2003). Moreover, future research may explore empirical relationships between the 
generally accepted technological impact measure, which is the number of forward citations 
of patents, and other measures of impact such as licensing fees. Moreover, such research 
could further validate the use of forward citations as a measure for technological impact, 
and investigate whether there are different performance implications for firms regarding 
technological impact on direct partners versus impact on non-partners. 

Second, the outcomes from the second study have revealed that firms can develop a 
capability to create breakthroughs. Since the quantitative data in this dissertation does not 
provide direct examples of such a capability, a few cases have been borrowed from 
previous studies to illustrate this capability. Future research may use a qualitative approach 
– e.g. interviews with R&D managers and observations of inventors – in order to explore 
the process of breakthrough creation and to identify the key factors underlying a 
breakthrough creating capability. Moreover, qualitative research may show examples about 
recombinant innovations that favor familiarity on the one hand and novelty value on the 
other hand. This will deepen our theoretical understanding of the phenomena of technology 
bridging on the technology level and the argumentation behind it. With regard to the 
interfirm network, there have been large-scale quantitative studies on the inventor level of 
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analysis. However, field studies could illustrate the process of technology bridging within 
and across organizations and emphasize the importance of the individuals within them 
(Breschi & Catalini, 2010; Fleming et al., 2007; Rothaermel & Hess, 2007; Singh, 2005). 

Third, the study on network antecedents for the creation of breakthroughs has 
included partner characteristics by looking at the breakthrough experience of partners and 
the diversity of their knowledge bases. Also the study on technological impact has revealed 
in a robustness check that collaborating with other innovative partners increases the 
technological impact of a firm’s inventions. The significance of these partner variables 
suggests that the extended resource based view is a promising area of research that needs 
further attention in the future (Dyer & Singh, 1998; Lavie, 2006). Specifically, our study 
has shown that firm level variables related to a firm’s position in the network structure and 
partner attribute variables are complementary to each other and do not substitute each 
other’s effect. However, we have not included relational dyadic characteristics as the level 
of trust or whether there has been prior collaboration between two firms. We look forward 
to future research that combines variables related to the network position of the firm, 
partner attribute variables as well as relational variables such as tie strength. These studies 
have been relatively rare thus far (Rothaermel & Hess, 2007; Rowley et al., 2000; Shipilov, 
2005). 

Finally, alliances have been focused upon in this dissertation as one mode of 
governance for technology sourcing. Next to alliances, there are several other modes of 
technology sourcing that matter for the innovative performance of firms (Keil, Maula, 
Schildt, & Zahra, 2008; van de Vrande, Lemmens, & Vanhaverbeke, 2006). For example, 
it was found that mergers and acquisitions and corporate venture capital investments can 
contribute to the innovative performance of the acquiring or investing firm (Ahuja & 
Katila, 2001; Dushnitsky & Lenox, 2005). These other modes of external collaboration are 
probably of importance also matter for the creation of breakthroughs, as has been shortly 
discussed above in the part about implications for managers. The consideration of other 
governance modes of external collaboration for technology sourcing calls for more 
research to be conducted on interfirm collaboration and radical innovation. 

5.6. The final statement 

We conclude that the creation of radical innovation is not about finding the needle in the 
haystack. Instead, firms can organize for the creation of radical innovation and 
breakthroughs. Technology bridging is both important on the technology level and also 
with regard to the position of the firm in the network structure. That is, the bridges between 
near and distant technologies play a crucial role in the relationship between recombination 
and impact. Furthermore, peripheral firms may lack opportunities for technology bridging, 
whereas central firms may go a bridge too far, so that both peripheral and central firms are 
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less likely to create breakthroughs. Conclusively, semi-peripheral firms seem to be better 
in bridging for breakthroughs. 
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Samenvatting 

Het belang van radicale innovaties wordt in de literatuur betoond wanneer het gaat om 
veranderingen in bestaande industrieën en om het opkomen van nieuwe industrieën. 
Radicale innovaties gaan gepaard met een toename in technologische mogelijkheden, 
waarbij bestaande technologieën worden ingewisseld voor nieuwe. Radicale innovaties 
kunnen bestaande technologieën en producten vervangen en drijven de concurrentie tussen 
bedrijven niet vanwege lagere kosten of veranderingen in kwaliteit ten opzichte van 
bestaande producten. Dat wil zeggen, door de ontwikkeling van radicale innovaties worden 
bedrijven niet in hun winstmarges getroffen, maar in het fundament van hun operationele 
business. Gezien het belang van radicale innovaties en een aantal fascinerende voorbeelden 
zoals de gloeilamp, de auto, en de telefoon hebben wetenschappers het fenomeen met 
regelmaat bestudeerd. Desondanks weten we nog steeds weinig over de antecedenten die 
leiden tot de ontwikkeling van radicale innovaties. 

De meeste niet-wetenschappelijke anecdotes over de creatie van radicale innovaties 
gaan over zogenaamde “eureka” momenten in de laboratoria van uitvinders. Daardoor 
wordt de creatie van radicale innovaties vaak geassocieerd met een toevallige gelukstreffer 
door een eenzame uitvinder. De film “Back to the Future” vergroot dit beeld van een 
eenzame uitvinder met Doc Brown als de maker van een tijdmachine. In werkelijkheid 
werden uitvinders als Alexander Graham Bell (telefoon), Thomas Edison (gloeilamp), and 
Henry Ford (auto) omringd door mensen, die deze uitvindingen mogelijk maakten. De vele 
anecdotes suggereren welliswaar dat individuele uitvinders tot grote ontdekkingen kunnen 
komen. Onderzoek heeft echter aangetoond dat radicale innovaties veel vaker voortkomen 
uit samenwerkingsverbanden dan uit de werkzaamheden van individuen. Naast de legende 
van individuele uitvinders als grote ontdekkers, wordt de creatie van radicale innovaties op 
bedrijfsniveau vaak in verband gebracht met kleine startende ondernemingen. Daarbij 
wordt de rol van gevestigde bedrijven tot nog toe vaak onderschat. Inmiddels is gebleken 
dat gevestigde bedrijven een steeds grotere rol spelen in de ontwikkeling van radicale 
innovaties dan voorheen werd aangenomen. Deze gegevens, dat samenwerking van belang 
is én dat gevestigde bedrijven een grote rol spelen in de ontwikkeling van radicale 
innovaties, zijn de basis voor dit promotieonderzoek geweest. 

Specifiek is dit onderzoek gegaan over de karakteristieken van radicale innovaties 
en de invloed van bedrijfsexterne factoren op de ontwikkeling hiervan. De rol van open 
innovatie, in termen van allianties en joint ventures tussen bedrijven, voor innovatie in zijn 
algemeenheid is al meermaals onderwerp van wetenschappelijk onderzoek geweest. De 
effecten van dit soort interorganisationele netwerken zijn echter nog zelden in ogenschouw 
genomen als het gaat om de ontwikkeling van radicale en doorbraak innovaties. Dit 
proefschrift draagt bij aan de literatuur door te kijken naar de technologische antecedenten 
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van radicale innovaties. Daarnaast is specifiek de rol van externe samenwerking voor de 
creatie en impact van radicale innovaties onderzocht. 

In de introductie is het belang van radicale innovaties en de rol van 
interorganisationele samenwerking voor de creatie ervan centraal gesteld. Daarnaast is er 
een korte uitwerking van de hoofdvraag naar de drie afzonderlijke onderzoeksvragen. Deze 
zijn in de daaropvolgende hoofdstukken beantwoord met behulp van een kwantitatieve 
dataset. Deze dataset is gebaseerd op financiele bedrijfsgegevens  uit Compustat van 
Wharton Research Data Services, patent gegevens van het United States Patent Office, en 
alliantie- en joint venture gegevens uit SDC Platinum van Thomson Reuters. De dataset 
omvat alle financiële gegevens, patentinformatie, en gegevens over interorganisationele 
samenwerking van de grootste biofarmaceutische bedrijven die in de Verenigde Staten aan 
de beurs genoteerd zijn tussen 1985 en 2010. De biofarmaceutische sector weerspiegelt een 
industriële achtergrond waarin technologische ontwikkelingen elkaar in hoog tempo 
hebben opgevolgd en waar veel samenwerkingsverbanden tussen bedrijven tot stand zijn 
gekomen. Tegen deze achtergrond vallen de in deze dissertatie gepresenteerde 
onderzoeksresultaten te interpreteren. 

De veelal bekende tweedeling tussen incrementele en radicale innovaties is in de eerste 
studie tegen het licht gehouden. Er zijn twee dimensies van radicaliteit onderscheiden. 
Daarbij is terug gegaan naar het werk van Schumpeter, die schreef over de introductie van 
nieuwe combinaties en dit in verbinding bracht met een proces van creatieve destructie. 
Specifiek is in het tweede hoofdstuk de focus gelegd op de technologische karakteristieken 
van radicale innovaties door de twee dimensies van radicaliteit met elkaar in verbinding te 
brengen. De relatie tussen de mate van recombinatie van innovaties en de technologische 
impact van deze innovaties voor toekomstige technologieën is in deze studie onderzocht.  

De resultaten hebben laten zien dat innovaties, die in het midden liggen op het 
continuum van recombinatie, het meest gerelateerd zijn aan een hoge mate van 
technologische impact. Deze uitkomst wordt bekrachtigd door de bevinding dat het 
recombineren van meerdere technologische componenten, die afkomstig zijn van een 
divers spectrum aan technologische domeinen, de grootste waarschijnlijkheid in zich 
hebben tot een technologische doorbraak te leiden. Zo zijn innovaties die onstaan vanuit de 
recombinatie van technologieën uit het lokale, aangrenzende, en ongerelateerde 
technologische domein, in technologische zin het meest invloedrijk. Een belangrijk 
element voor een verhoogde technologische impact van innovaties lijkt de verankering in 
de voor de industrie bekende lokale technologieën. Echter, wanneer lokale technologieën 
in verbinding gebracht worden met ongerelateerde technologieën, lijken technologieën uit 
aangrenzende technologische domeinen bij te dragen aan de coherentie van de nieuwe 
technologie. Deze aangrenzende technologieën lijken een technologische brug te vormen, 
die lokale en ongerelateerde technologische domeinen met elkaar verbindt. 
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In de tweede studie (hoofstuk drie) wordt vervolgens gekeken naar de rol van 
interorganisationele samenwerking en het creëren van doorbraak innovaties door 
gevestigde bedrijven. Als eerste is uit de resultaten gebleken dat het creeëren van 
technologische doorbraken niet gebaseerd is op toevalsmechanismen en geluk, maar dat 
strategieën ontwikkeld kunnen worden voor de creatie van technologische doorbraken. 
Vervolgens zijn het netwerk-structurele perspectief en de “extended resource-based-view” 
naast elkaar gezet als theoretische perspectieven. Hierbij wordt de vraag gesteld wat het 
effect is van de positie van een bedrijf in het organisationele netwerk en wat het effect is 
van specifieke partner attributen voor het creëren voor doorbraak innovaties? De resultaten 
tonen de verklarende kracht van beide theoretische perspectieven. 

Met betrekking tot het effect van de netwerk positie van een bedrijf op de creatie 
van technologische doorbraken is het volgende uit de resultaten gebleken. Bedrijven in de 
semi-periferie van het netwerk hebben gemiddeld een hogere waarschijnlijkheid als het 
gaat om het genereren van doorbraken in vergelijking met bedrijven aan de rand of in het 
centrum van het netwerk. Mogelijke verklaringen hiervoor zijn de volgende. Aan de ene 
kant zijn de bedrijven, die zich aan de rand van het netwerk bevinden, mogelijk niet in 
staat om de juiste partners aan te trekken, omdat ze verminderd zichtbaar zijn in het 
netwerk en daardoor een minder zichtbare reputatie hebben. Hierdoor hebben deze 
bedrijven zowel minder toegang tot non-redundante externe kennis en ook minder 
mogelijkheden om hun innovaties door het netwerk te verspreiden. Aan de andere kant zijn 
er bedrijven die centraal in het netwerk liggen. De hoeveelheid aan – mogelijk zelfs – 
redundante externe kennis waar deze bedrijven toegang tot hebben zou kunnen leiden tot 
een cognitieve overbelasting. Dat wil zeggen dat deze centraal gelegen bedrijven mogelijk 
onvoldoende in staat zijn de hoeveelheid kennis van buiten te absorberen en nieuwe 
technologieën daaruit te ontwikkelen. Veel meer nog zullen centrale bedrijven met goede 
resultaten in het verleden minder geneigd zijn doorbraken te genereren, omdat ze wellicht 
eerder willen vasthouden aan hun huidige routines en bestaande technologieën. Daarbij 
geldt dat centrale bedrijven waarschijnlijk meer belang hebben bij het in stand houden van 
de huidige economische structuren, en dus minder geneigd zijn om zich bezig te houden 
met het ontwikkelen van doorbraak innovaties. Bedrijven in de semi-periferie van het 
netwerk genieten voordelen van hun netwerk positie in termen van voldoende 
zichtbaarheid en reputatie om externe partners aan te trekken en toegang tot externe kennis 
te verschaffen. Deze semi-perifere bedrijven zijn dan in staat met deze externe kennis 
nieuwe innovaties te ontwikkelen en deze innovaties vervolgens in hun netwerk te 
verspreiden. Tegelijkertijd genieten deze bedrijven het voordeel dat ze zich tussen de rand 
en het centrum van het netwerk bevinden en zo een brug kunnen vormen. Deze laatste 
interpretatie veronderstelt deels dat bedrijven aan de rand mogelijk toegang bieden tot 
ongerelateerde technologieën en bedrijven in het centrum van het netwerk eerder toegang 
bieden tot lokale technologieën. In ieder geval lijken de resultaten van het eerste hoofdstuk 
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te worden versterkt als het gaat om het belang van het overbruggen van technologisch 
domeinen. 

Verder blijkt uit de tweede studie dat het selecteren van en het samenwerken met 
partners, die zelf doorbraken hebben gegenereerd, bijdraagt aan de kans om als bedrijf zelf 
ook doorbraken te creëren. Bovendien hebben de resultaten laten zien dat een 
alliantieportfolio perspectief relevant is als het gaat om het creëren van technologische 
doorbraken. De technologische diversiteit van het alliantieportfolio draagt namelijk positief 
bij aan de waarschijnlijkheid voor een bedrijf om technologische doorbraken te 
ontwikkelen. Deze resultaten suggereren dat partners op elkaar afgestemd dienen te 
worden, zodat de technologische diversiteit in het alliantieportfolio toeneemt, tenminste als 
het gaat om het creëren van doorbraak innovaties. De conclusie van het tweede hoofdstuk 
is dat zowel de positie van een bedrijf in het interorganisationele netwerk, als ook de 
selectie van partners met doorbraak ervaringen bijdragen aan de ontwikkeling van 
toekomstige doorbraken. 

Terwijl in de eerste studie de recombinatie van technologieën met het 
technologische belang van de resulterende innovaties in verbinding gebracht is, heeft de 
tweede studie zich geconcentreerd op de externe organisatie ten behoeve van het creëren 
van doorbraak innovaties. In de derde studie is de technologische impact en de 
verspreiding van de innovaties van een bedrijf door het alliantienetwerk centraal gesteld. 
Specifiek is de impact van innovaties opgesplitst in lokale impact – als de mate waarin 
directe partners worden beïnvloed door de innovaties van een bedrijf – en globale impact – 
als de mate waarin niet-partners worden beïnvloed door de innovaties van een bedrijf. Als 
verklarende variabelen zijn het aantal directe partners van een bedrijf opgenomen en de 
mate waarin zich een bedrijf dichtbij alle andere bedrijven in het netwerk bevindt. Uit de 
resultaten blijkt dat het aantal partners en de dichtbijheid van een bedrijf ten opzichte van 
de andere bedrijven in het netwerk bijdragen aan de impact van de innovaties die een 
bedrijf heeft ontwikkeld. Daarbij is het zo dat het effect van het aantal partners groter is 
dan de mate waarin een bedrijf dichtbij alle andere bedrijven in het netwerk is. Echter, er 
moet ook geconcludeerd worden dat de impact van de innovaties van een bedrijf slechts 
deels door het aantal alliantiepartners en de netwerkpositie van een bedrijf bepaald lijken te 
worden. Zo is uit de eerste studie al gebleken dat ook innovatiekarakteristieken, zoals de 
mate van recombinatie, van wezenlijk belang zijn wanneer het gaat om de technologische 
impact van innovaties op toekomstige technologische ontwikkelingen. 

Dit proefschrift heeft als volgt bijgedragen aan wetenschappelijk onderzoek naar 
interorganisationele netwerken en de creatie van radicale en doorbraak innovaties. 

Ten eerste zijn er nieuwe inzichten gegenereerd in het proces van recombinatie en 
met betrekking tot de technologische impact van de resulterende innovaties op toekomstige 
technologieën. Dat wil zeggen, er is aangetoond dat het overbruggen van lokale en 
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ongerelateerde technologieën, met behulp van technologieën uit tussenliggende 
technologische domeinen, een belangrijk element is voor het creëren van tehnologische 
impactvolle innovaties. 

Ten tweede hebben de tweede en derde studie bijgedragen aan het ontwikkelen van 
een netwerk theorie voor de creatie van doorbraak innovaties en de daaraan gekoppelde 
technologische impact. In detail laat studie twee zien dat semi-perifere bedrijven in het 
interorganisationele netwerk het beste gepositioneerd lijken te zijn voor het creëren van 
doorbraken, terwijl de derde studie laat zien dat centrale bedrijven het beste gepositioneerd 
lijken te zijn als het gaat om het verspreiden van hun innovaties door het alliantienetwerk. 
Deze gegevens vergen toekomstig onderzoek, waarbij afwegingen gemaakt moeten worden 
tussen de voor- en nadelen van verschillende netwerkposities voor divergerende 
organisationele uitkomsten. 

Tenslotte heeft dit proefschrift aangetoond dat er een bepaalde mate van 
complementariteit is tussen het netwerk structurele perspectief, een alliantieportfolio 
perspectief, en een bilateraal partner perspectief. Specifiek laat de tweede studie zien dat 
niet alleen de netwerk positie van een bedrijf, maar ook de selectie van  individuele 
samenwerkingspartners tot voordelen kan leiden in termen van het creëren van doorbraak 
innovaties. Daarnaast blijkt ook het portfolio perspectief van groot belang als het gaat om 
de creatie van doorbraak innovaties. Daarbij draait het met name om de complementariteit 
tussen alliantiepartners, die kan bijdragen aan een grotere diversiteit in het 
alliantieportfolio dat weer positief in verbinding staat met het creëren van doorbraak 
innovaties. Wellicht zijn verklarende variabelen op deze drie niveaus, respectievelijk het 
netwerk, het alliantieportfolio, en de individuele partners, ook van belang voor andere 
organisationele uitkomsten. 

De conclusie van dit promotieonderzoek is dat de creatie van radicale innovaties niet 
zozeer lijkt op het zoeken naar een naald in een hooiberg. In plaats daarvan lijken 
bedrijven zich strategisch te kunnen organiseren voor het creëren van technologische 
doorbraken. Daarbij lijkt het slaan van technologische bruggen belangrijk, zowel op het 
niveau van de technologie als ook met betrekking tot de interorganisationele netwerk 
structuur. Dat wil zeggen, tussenliggende technologieën fungeren als bruggen tussen lokale 
en ongerelateerde technologieën, en deze overbruggingen lijken een cruciale rol te spelen 
in de relatie tussen de mate van recombinatie en technologische impact. Verder lijken 
perifere bedrijven in het netwerk in gebreke te zijn als het gaat om het slaan van 
technologische bruggen, terwijl centrale bedrijve mogelijk een brug te ver gaan. 
Concluderend, bedrijven in de semi-periferie van het netwerk lijken het meest van hun 
netwerk positie te kunnen profiteren als het gaat om het ontwikkelen van technologische 
doorbraken. 
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Epilogue 

Whereas the process of writing a dissertation sometimes feels like a lonely quest, this 
dissertation would not have been completed without the many people surrounding me. In the 
final section I would like to thank them all. 

*** 

Dankwoord 

*** 

Eén van de mooie momenten tijdens het schrijven van mijn proefschrift was toen ik wist dat 
ik mijn project tot een goed einde ging brengen. Het proces van het schrijven van een 
proefschrift is voor mij te vergelijken met een bergwandeling waarbij aan het begin en ook 
geregeld tussendoor de top nog niet duidelijk zichtbaar is. Gelukkig, het resultaat aan het 
einde is de moeite meer dan waard geweest. Tijdens deze tocht, waarvoor geen enkele 
routekaart bestaat, hebben veel mensen mij ondersteund om de goede weg naar boven te 
vinden. Deze gelegenheid wil ik aangrijpen om hen allemaal te bedanken voor elk stukje dat 
zij met mij mee zijn gelopen. 

Voor de toewijding van mijn (co)promotoren Prof. dr. Geert Duijsters, Prof. dr. Victor 
Gilsing, en Dr. Joris Knoben aan mijn project ben ik hen zeer dankbaar. Het 
onderzoeksvoorstel en de vele regelmatige bijeenkomsten waarin jullie mij telkens weer op 
een constructieve manier feedback hebben gegeven zijn onmisbaar geweest voor mijn 
proefschrift. Door de gesprekken over positionering, wetenschappelijke bijdragen, en tijdens 
onze conceptuele discussies heb ik veel van jullie ervaring mogen leren. Ondanks dat onze 
wegen zich geografisch gezien scheiden zie ik uit naar de verdere samenwerking en zullen we 
elkaar op conferenties vast en zeker tegen komen. 

De leden van mijn promotiecommissie Prof. dr. Leon Oerlemans, Prof. dr. Robin 
Cowan, Prof. dr. John Hagedoorn, en Prof. dr. Dries Faems wil ik graag bedanken voor de 
positieve beoordelingscommentaren. Het tempo was voor mij in de afgelopen drie jaar hoog 
en ook jullie waren bijzonder snel met het lezen van mijn proefschrift, waarvoor mijn 
oprechte dank. 

Het management team van het Center for Innovation Research, Prof. dr. Leon 
Oerlemans, Prof. dr. Marius Meeus, Prof. dr. Xavier Martin, Prof. dr. Niels Noorderhaven, en 
Dr. Martyna Janowicz wil ik graag bedanken voor de ondersteuning tijdens mijn 
promotietraject. Naast de vele mogelijkheden die ik als promovendus heb gehad om 
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conferenties te bezoeken, heb ik veel mogen leren van de toponderzoekers die jullie in de 
afgelopen jaren naar Tilburg hebben uitgenodigd. 

Voor de ondersteuning en de waardevolle suggesties voor het vele datawerk dat in dit 
proefschrift steekt wil ik Nico en Rob Grim bedanken. De leerzame bijeenkomsten in Tilburg 
en Maastricht hebben hun vruchten afgeworpen, bedankt! 

Mijn directe (oud)collega’s in Tilburg bedank ik voor de vele bakken koffie, 
interessante gesprekken en gezellige avonden die we samen hadden. De conferenties in San 
Antonio, Oisterwijk, en Boston waar ik velen van jullie ben tegen gekomen behoren tot de 
andere vele leuke momenten van de afgelopen drie jaar. Hoewel ik niet altijd in mijn kamer 
op de universiteit te vinden was, heb ik veel support gehad van een ieder van jullie. Aafke, 
Annefleur, Franka, Gert-Jan, Gita, Helen, Nicoleta, Jac, Jeroen, Joerg, John, Joris, Keith, 
Leon, Liesbeth, Marius, Martyna, Maryse, Michiel, Patrick, Petru, Remco, René, Rik, Rob, 
Rob, Roel, Roger, Roland, Sander, Stefan, Tobias, en Victor, nogmaals bedankt!  

Joerg, ik wil jou graag extra bedanken voor jouw support en inspiratie tijdens mijn 
research master. Onze gesprekken tijdens Polnet en de social networks conference hebben 
mijn interesse in netwerkonderzoek aangewakkerd en hebben er mede toegeleid dat ik aan dit 
promotietraject begonnen ben. Leon, Maryse, Rob, en Joerg ik heb goede herinneringen aan 
onze samenwerking bij RANO. Voor mijn onderwijstaken in Wenen komen de vele 
gesprekken over de ontwikkeling van de diverse cursuselementen goed van pas, bedankt! Jac, 
de woorden die jij al sprak in het eerste jaar van mijn promotietraject hebben een diepe indruk 
bij mij achtergelaten. “Er zijn twee soorten proefschriften” en die van mij is nu af, bedankt! 

An dieser Stelle möchte ich allen danken, die mich in Österreich in den letzten Monaten bei 
meinem Dissertationsprojekt unterstützt haben. Mein Dank gilt Univ.-Prof. Dipl.-Ing. Dr. 
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Mein Großer Dank gilt zudem den Personen in meinem privaten Umfeld in Österreich, 
für Ihre persönliche Unterstützung während meiner Dissertationszeit. Dafür möchte ich mich 
bei meiner Familie, und insbesondere bei euch Bertl und Rosa bedanken. Ich freue mich 
darauf dass wir uns häufiger sehen werden, nun da wir in Österreich wohnen. 
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reviewing and editing the individual chapters of the final manuscript. 
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Bijna tot slot, wil ik graag mijn vrienden in Nederland bedanken voor hun geduld en interesse 
in mijn onderzoek de afgelopen drie jaar. In het vaak drukke tempo waarin ik voor mijn 
promotieonderzoek aan het werk was, konden jullie mij geregeld weer even afleiden en 
afremmen. Juist nu wij naar Oostenrijk verhuisd zijn, merk je hoe waardevol goede 
vriendschap is. In het bijzonder wil ik Tim bedanken voor de goede samenwerking in de 
afgelopen jaren en de vriendschap die daaruit is voortgekomen. Waarschijnlijk was dit 
proefschrift er zonder ons gezamelijke datawerk niet zo mooi uit komen te zien. Het leek 
soms wel alsof we onze eigen taal hadden ontwikkeld als we spraken over gvkeys, cusips, en 
pdpasses. Het is voor mij niet meer dan natuurlijk dat jij en Patricia dadelijk achter mij staan. 
Gijs, ik hoop en zie er naar uit nog een keer een bergtocht met jou te maken, wat een tocht 
was dat toen. Vrienden voor altijd. 

Mijn familie verdient een ereplaats in dit boek. Jacquelien en Bert, ik hoop dat we wat 
vaker kunnen bellen en appen als het dadelijk wat rustiger wordt. Zover weg wonen we nou 
ook weer niet en het is hier prachtig. Papa & mama, dankjulliewel! Jullie maakten het 
mogelijk dat ik kon studeren, en jullie ondersteunden mij ook toen ik besloot te promoveren. 
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De meeste waardering en dankbaarheid uit gaat uit naar jou, Barbara. Zonder jou aan mijn 
zijde heb ik dit proefschrift nooit tot een goed einde kunnen brengen. Van de vele mensen die 
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en inmiddels loopt hij zelf. Jullie waren de beste motivatie voor mij om dit promotietraject af 
te sluiten en mijn proefschrift op te schrijven. Nu deze tocht bijna ten einde is, mijn 
proefschrift dat is afgerond, staan we met z’n drieën boven aan de top. Laatst begon het al te 
sneeuwen. Laten we samen naar beneden skiën. 

Stefan          Wenen, december 2013 

Ik kijk omhoog naar de bergen, daar komt mijn Hulp vandaan 

Psalm 121 




