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Abstract 

The Driving Force of Exaptation and Its 

Implications for Innovation 

: An Empircal Analysis Based on the Pharmaceutical 

Industry 

 

ChongHyeok Park 

Technology Management, Economics, and Policy Program 

Graduate School of 

Seoul National University 

 

Exaptation, a series of patterns that an emergent trait or function is coopted for a 

current usage which is completely different from the original usage, is a crucial 

component of novelty generation in innovation but has been underexplored so far. A few 

previous studies have scrutinized and analyzed the role of exaptation and its implications 

qualitatively, but most merely focus on an academic debate, which leaves a research gap 

in the practical field. 

The study here thus analyzes the pattern of exaptation by measuring its frequency in 

the pharmaceutical industry through which ultimately captures its core driving forces as 
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an emergent mechanism of opportunity discovery in the real world. This process allows 

us to quantify the overall frequency of exaptation and demonstrate its origin with regards 

to the dual side of spaces of the possible: applicant-oriented and artifact-oriented. We 

observed that about 59% of emergent functions derived from the existing drugs stem from 

exaptation and about 30% of FDA-approved NMEs have an inherent exaptive nature. 

Furthermore, we found that firms’ open innovation adoption and portfolio diversification 

strategy stand spaces of the possible as a powerful inducer of exaptation along with the 

popularity of drug classes and the initial versatility of drugs which compose the other side 

of spaces of the possible. 

Based on its unique locus regarding the emergence of innovation, we propose that 

exaptation is one of the undeniable key attributes in innovation that can be structurally 

fostered, not via serendipity itself, which leads to innovation as an ex-post way of the 

exploration process. 

 

Keywords: Exaptation, Spaces of the Possible, Open Innovation, Pharmaceutical 

Industry, Ex-post 

Student Number: 2019-24161 
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Chapter 1. Introduction 

1.1 Background 

Considering Schumpeter’s theory of technological innovation, evolutionary 

thinking, which dynamically stands for socioeconomic phenomena, provides a new 

interpretation for the principles of technological innovation emergence (Anderson & 

Tushman, 1986; Mokyr, 2016; Nelson, 2009; Tellis & Crawford, 1981; Wagner & 

Rosen, 2014). By borrowing the evolutionary principles of universal Darwinism 

(Cambell, 1960; Dawkins, 1983; McKelvey, 1997; Nelson & Winter, 1982; Plotkin, 

1997; Smolin, 1997), various studies have attempted to derive a series of common 

patterns of ex-post phenomena in technological innovation and interpreted each as a 

stylized fact of the emergence of such innovation, thereby providing the main logic 

for predicting future innovations (Audretsch & Mahmood, 1994; Hausmann & 

Klinger, 2007; Klette & Kortum, 2004; Lööf & Heshmati, 2006; McKelvey, Rickne & 

Laage-Hellman, 2004; Peretto, 1998; Salter & Alexy, 2014). In particular, several 

studies have scrutinized the novelty generation process, which is one of the 

prerequisites for technological innovation, and “exaptation” is a prime example of this 

(Andriani & Cattani. 2016; Andriani & Kaminska, 2021; Cattani, 2006; Dew et al., 

2004; Frigotto & Palmi, 2020; Ganfornina & Sánchez, 1999; Kauffman, 2000). 

Exaptation is a series of patterns that an emergent trait or function is coopted for a 

current usage, completely different from its existing usage (Gould & Vrba, 1982). 
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There are many anecdotal examples of exaptation. In biology, a bird’s wing is the best 

example to understand this phenomenon. Originally, a bird’s wing was a part of its 

circulatory system and helped efficiently regulate its body temperature. However, the 

wing’s function has evolutionized and it is now used entirely as an organ for flying. 

Similarly, the spawning organ of bees, which is used for attacking invaders, and the sweat 

glands of mammals that transformed into mammary glands are observable examples of 

exaptation in nature. Exaptation occurs not only in nature but also in the field of 

technology. In fact, various innovative technologies and products that we currently use 

are results of exaptation. For example, Viagra by Pfizer was developed as a treatment for 

pulmonary cardiovascular hypertension. However, an unexpected side effect was 

discovered during clinical trials for its approval, and the drug is now being used for 

erectile dysfunction treatment; thus, it has exapted from its original usage. Due to its 

effectiveness and portability, Viagra is considered a drug that led to innovation in the field 

of urology. Further, the first antidepressant, Marsilid, which was originally developed to 

treat tuberculosis, was also exapted after some patients felt euphoria after taking the pills. 

In addition, microwaves were invented through exaptation. In 1945, a researcher named 

Percy Spencer, who was working as a U.S. military contractor observed that his candy 

melted when he was in the vicinity of a radar, and discovered that a specific vacuum tube 

called magnetron causes this phenomenon. This accidental event led to the invention of 

microwaves. Therefore, microwave appliances were exapted from military radar 

technology. The discovery of microwaves is considered the second significant innovation 



3 

 

in cooking after the discovery of fire. 

These anecdotal examples clearly show the importance of exaptation in the 

emergence of innovation as a way of novelty generation. Despite its importance, 

however, it has remained underexplored thus far, and most of the existing studies 

merely have focused on the ex-post implications of academic arguments without 

empirical approaches. Exaptation is not free from the limitation that its occurrence 

depends on serendipity, which cannot be structurally fostered. Therefore, despite its 

numerous implications as a crucial component to initiate innovation, the discussion of 

exaptation still remains at the theoretical level. Given this research gap, this study 

focuses on the empirical analysis of the phenomenon through qualitative approaches 

rather than anecdotal arguments of the concept itself. Therefore, analyzing the 

pharmaceutical industry, (1) we measure the frequency of exaptation in the real world, 

through which, (2) by tracing the fundamental driving forces of exaptation, we 

propose that exaptation is a key attribute in innovation that can be structurally fostered. 

We aim to re-illuminate exaptation from a balanced perspective by eliminating the 

existing biased myths and limitations. 

This paper is structured as follows. Chapter 2 reviews the implications of 

exaptation for technological innovation and the theoretical backgrounds of spaces of 

the possible and open innovation necessary for demonstrating its driving force. 

Chapter 3 presents the frequency of exaptation by analyzing the pharmaceutical 

industry in the U.S. Chapter 4 proposes the hypothesis of this study and identifies the 
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driving force of exaptation. Finally, we describe the summary and implications of our 

research in Chapter 5. 
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Chapter 2. Literature Review 

2.1 Exaptation 

The term exaptation derived its concept from C. R. Darwin’s evolution theory and was 

coined by Gould and Vrba (1982). Exaptation refers to “characters, evolved for other 

usages (or for no function at all), later coopted for their current role” (Gould & Vrba, 

1982). In contrast, adaptation refers to “any characteristic of living organisms, which, in 

the environment they inhabit, improves their chances of survival, ultimately leaving 

descendants, in comparison with the chances of similar organisms without the 

characteristic” (Abercrombie et al., 1961; Bock, 1979). Thus, adaptation would mean the 

best survival strategy for each individual to find optimal fitness under the environmental 

selection pressure it faces. In this respect, exaptation, expressed as an accidental 

discovery of new functions for existing traits, is different from adaptation, which is 

defined as an improvement of traits through natural selection (Andriani & Carignani, 

2014). Consequently, exaptation inherently implies a mutual dichotomy with adaptation. 

 

 

Table 1. Taxonomy of Fitness (Gould & Vrba, 1982) 
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Based on this idea, exaptation can explain various research gaps in the field of 

technological innovation as well as the survival strategies of individuals in nature 

(Andriani & Cattani, 2016; Cattani, 2006; Dew et al., 2004). It can be categorized into 

three main characteristics. 

 

1. A stylized fact that latent functionalities are discovered by serendipity, which 

leads to the market niche in a new domain 

2. A retrospective problem-solving process that finds a novel problem from an 

unexpected solution 

3. A gear that connects radical and incremental innovation 

 

Fundamentally and originally from an analogy, exaptation is a stylized fact that 

describes a series of patterns where technology or knowledge developed for a specific 

purpose is utilized in a new area with a function different from the existing one (Andriani 

& Carignani, 2014; Cattani, 2006; Mokyr, 1998). In this sense, exaptation suggests the 

integrated point of view as the best interpretation to explain the unique aspect that drives 

a new market niche through the discovery of latent functionalities by serendipity 

(Andriani & Cohen, 2013; Andriani, Ali & Mastrogiorgio, 2017; Beltagui et al., 2020; 

Dew & Sarasvathy, 2016; Garud, Gehman & Giuliani, 2018; Ganzaroli & Pilotti, 2010; 

Laland, Odling-Smee & Myles, 2010; Odling-Smee, Laland & Feldman, 2003; 

Venkataraman et al., 2012). 
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Next, exaptation provides a completely different problem-solving process from what 

we have known. Traditionally, the problem-solving process has been based entirely on 

known scientific theories or market characteristics in which solutions were found. In that 

scenario, finding a solution to a novel problem is derived from the cognitive ability to 

infer the possibility of a solution from the given information (Felin & Zenger, 2016; 

Gavetti, 2012). That is, based on prior information, solutions are pulled from novel 

problems. Meanwhile, exaptation stems from the ability to recognize the potential of new 

uses within existing inertia, not from the cognitive ability to intentionally search for 

answers to novel problems through analogy (Mastrogiorgio & Mastrogiorgio, 2020). 

Accordingly, exapted results in a new situation apply the solution itself to the specific 

problem, which stands for the retrospective position that unexpected solutions drive novel 

problems. In other words, newly recognized problems originate from ex-post solutions of 

exaptation (von Hippel & von Krogh, 2016; Winter, 2012). Therefore, exaptation fills 

methodological gaps that could not be solved by the existing problem-solving process, 

thereby presenting a meaningful alternative from the opposite position (Andriani et al., 

2017; Andriani & Kaminska, 2021). 

 

 

Figure 1. Problem-Solving Process of Exaptation (Andriani & Kaminska, 2021) 
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Lastly, exaptation connects two innovation pathways in the emergence of innovation, 

that is, incremental innovation and radical innovation (Andriani & Carignani, 2014; 

Coccia, 2012). The opposite position of the problem-solving process leads to a paradigm 

shift that is completely different from the previous one. As is evident in the examples of 

Viagra and Marsilid, exaptation never originates from the improvement of original 

functions. Rather, it implies a functional shift process where latent functions are 

expressed in a completely different context; consequently, new uses, different from the 

original ones, emerge. In this regard, paradigm changes resulting from exaptation bear the 

characteristics of radical innovation simultaneously in terms of the scope and speed of its 

expansion, unlike adaptation that only leads incremental innovation where the existing 

technology and knowledge gradually expands (Andriani et al., 2017; Andriani & 

Kaminska, 2021). When such radical innovations interact with the market continuously 

and are maintained by repeating the self-reinforcing process of adaptation (Jacobs, 1969, 

1985, 2000), the meaning of exaptation can be achieved. Therefore, by repeating a series 

of phenomena of temporal discovery and continuous adaptation regarding latent 

functionalities (Andriani & Carignani, 2014: avalanches of adaptive/exaptive responses, 

Levinthal, 1998: exaptive-adaptive cycle, Lane, 2011: exaptive bootstrapping), exaptation 

plays the role of a gear wheel that spurs radical and incremental innovation (Lane, 2011; 

Levinthal, 1998). 

Since exaptation pays close attention to functional shifts, it is easy to misjudge all 

types of ex-post functional change observed as exaptation. For example, let us say that a 
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cell phone was used to crush peanut shells. We can see that the cell phone, a “mobile 

communication device,” was utilized in a completely different way, that is, as a “crushing 

device” for crushing peanut shells. Thus, we can say that exaptation of the mobile phone 

has occurred due to the change of its function. Likewise, let us say that a towel was used 

to prevent suffocation during an emergency. This means that the towel was used as a 

“mask” to protect the respiratory system from toxic gas exposure, rather than “wiping 

something,” and with the same logic mentioned before, we can say that exaptation has 

occurred. However, a functional shift is not merely a sufficient condition but a necessary 

condition for exaptation. This is because exaptation requires a functional shift that drives 

market demand in a new area and therefore makes continuous retention of the emergent 

function; in the absence of this, we cannot say exaptation has occurred (Andriani & 

Carignani, 2014). Hence, exaptation is not a temporal improvisation that only uses the 

original function differently according to the given situation (Tenner, 2004), but the 

evolutionary principle that follows the Variation-Selection-Retention (VSR) mechanism 

of universal Darwinism within the environmental selection pressure represented by the 

market. 

 

2.2 Spaces of the possible  

Spaces of the possible are the fundamental spaces where biological and technological 

evolution occur. Established by Wagner and Rosen (2014), spaces of the possible explore 

the emergent factors of innovation in the field of technology as an analogy of the 
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evolutionary principle in nature. The central dogma of molecular biology refers to the 

sequential information transfer process as the basic principle of all life phenomena in 

nature. According to this concept, genetic information is replicated and encoded by DNA, 

transferred to RNA by the transcription process, and then transferred again to protein by 

the translation process for its expression (Crick, 1970). The letters in the transmission and 

expression of genetic information are amino acids. Depending on the combination, 20 

amino acids constitute the base of nucleic acids such as DNA and RNA as well as the 

sequence of proteins. In this respect, amino acid sequences or protein genotypes are the 

fundamental sources of all life phenomena (Smith, 1970). For the same reason, a 

genotype space comprising all possible combinations of these letters is the fundamental 

source space of all life phenomena, that is, a space of the possibilities of nature (Wagner 

& Rosen, 2014). In the field of technology, a space of possibilities is analogous to 

discovery, innovation, or design space (Stankiewicz, 2010). Further, as in the case of 

nature, it is also a fundamental source space for technological innovation. As the space of 

possible has been discussed with the central dogma of molecular biology in nature, the 

technological field has also attempted to identify its central principle historically. It dates 

back to the 18th century industrialist Christopher Polhem's case of the mechanical 

alphabet. He claimed that the mechanical alphabet such as a tiny lever or a screw could 

create a machine. Therefore, any kind of machine can be created by combining them 

(Strandh, 1988). In addition, a variety of discussions have suggested that the emergence 

of a technology or product is possible based on the modularity it bears (Andriani & 
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Carignani, 2014; Baldwin et al., 2000; Langlois, 2002; Sanchez & Mahoney, 1996; 

Schlosser & Wagner, 2004; Sturgeon, 2002; Ulrich, 1994). 

In sum, a space of the possible is a space where various combinations and linkages 

between the basic letters that make up space can be made to acquire the basic principles 

of emergence. In this sense, the components (the basic letters) and the method of 

combination or linkage between them are the two most important aspects that should be 

considered in a space of the possible. In the case of nature, since 20 letters are involved in 

both the construction of nucleic acids and proteins as a component, the possibilities of 

amino acids in the birth or evolution of species are infinite. However, since the diversity 

of principles regarding combination and linkage is fairly limited, nature tries to constantly 

repeat trials and errors in an infinite amount of time called massive parallelism to 

overcome the given limitation (Wagner & Rosen, 2014; Ziman, 2000). The difference 

between biological and technological evolution is that, in the latter, the direction of 

evolution can be intentionally set based on the teleology (Kim, 2015; Ziman, 2003). In 

other words, unlike the case of nature, we can intentionally induce the emergence of 

technological innovation, which is in line with Schumpeter’s argument (1934) regarding 

“carrying out of new combinations” (Edgerton, 2008; Hargardon, 2003; Kogut & Zander, 

1992; Salter & Alexy, 2014). If we recall the core aspect of spaces of the possible, that is, 

the components and the method of combination or linkage between them, we can see that 

inducing the emergence of innovation cannot be different from enhancing the possibilities 

of these two factors. In this respect, we can denote the possibility of the emergence of 
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innovation based on the modularity of the components and the diversity of the 

combination and linkage method as follows. 

 

 

(1) 

A difference between the two key factors in the emergence of innovation is whether 

the inventor’s will can be or cannot be involved in determining the extent of each factor. 

Specifically, the modularity of a component is an inherently given value regardless of the 

inventor’s will. Conversely, improving the diversity of the combination or the linkage 

between components is a part in which the inventor’s will can intervene in the emergence 

of innovation. Hence, a space of the possible consists of the area where the inventor’s will 

can and cannot intervene. 

In this sense, exaptation is the key principle of emergence regarding spaces of the 

possible along with combinatorial innovation as described in Wager and Rosen (2014). 

Exaptation stems from the combination of the existing usage of technology or products 

with new contextual factors that are directly related to the two key factors of spaces of the 

possible. An existing technology or product refers to a component of spaces of the 

possible, and the possibility of exaptation relies on the modularity of itself. Similarly, new 

contextual factors refer to the combination and linkage between components in spaces of 

the possible, and those diversities determine the possibility of exaptation. This is 

fundamentally in line with the main argument of Andriani and Carignani (2014), that is, 
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modular exaptation, and is also consistent with the argument of Andriani and Cohen 

(2013) that the emergence of exaptation depends on the characteristics of the form–

function phase space based on diversity and connectivity. Thus, we can also denote the 

possibility of exaptation as follows according to (1). 

 

 

(2) 

 

2.3 Open Innovation 

Open innovation refers to “a paradigm that assumes that firms can and should use 

external ideas as well as internal ideas, and internal and external paths to market, as they 

look to advance their technology” (Chesbrough, Vanhaverbeke & West, 2006). These 

newer models of innovation have highlighted the interactive character of the innovation 

process, suggesting that innovators rely heavily on their interaction with lead users, 

suppliers, and a range of institutions within the innovation system (Brown & Eisenhardt, 

1955; Lundvall, 1992; Szulanski, 1996; von Hippel, 1988). The modern market 

environment shows great complexity as compared to the past, and it is no exaggeration to 

say that the high-tech industry is at the apex of this market. Large-scale investments 

required for massive production and collaboration with several strangers are inevitable for 

market operation (Bae, 2013). Open innovation encompasses various sub-concepts in that 

it refers to all processes in which a firm integrates and utilizes internal resources and 
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capabilities with external ones to sustain its competitive advantage in the market. In other 

words, open innovation endogenously assumes that the firm’s resources and capabilities 

depend on the boundaries of the firm. Therefore, we need to first scrutinize the resource-

based theory and the transaction cost theory. Based on the resource-based theory, firms’ 

Valuable, Rare, Inimitable, and Non-substitutable (VRIN) resources can provide 

competitive advantages in the market (Barney, 1991). In this regard, firms strive to 

perpetuate their survival and sustain competitive advantages by utilizing and expanding 

their unique valuable resources. However, since all the resources cannot be ascribed to 

the VRIN resources that could enhance their competitive advantages, firms try to protect 

their core competence, while simultaneously complementarily leveraging external 

channels such as outsourcing the non-core competency (Lee, Park & Cho, 2012). 

Therefore, from the resource-based theory viewpoint, firms strive to maximize their 

competitive advantages based on internal resources while actively utilizing external 

resources to secure VRIN resources simultaneously. This in turn drives open innovation 

as an incentive. 

Further, the transaction cost resulting from frictionness between the firm’s decision 

and action can be minimized by arbitrarily adjusting the allocation of resources to the 

other party through an employment contract (Williamson, 1985). Therefore, firms try to 

compare and evaluate all transaction costs that may occur in the future in terms of private 

ordering and governance in advance. In addition, they are willing to find the most optimal 

organizational structure that can minimize transaction costs based on asset specificity, 
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uncertainty, and frequency. In other words, firms’ actions would determine their 

boundaries in their market environment. That is, a firm sets the optimal boundary 

according to the market condition, considering its resources and transaction behavior 

(Afuah, 2001; Ahuja, 2000; Mariti & Smiley, 1983). In short, from the perspective of the 

transaction cost theory, a firm decides whether to internalize external resources into a 

single governance structure or to let them be supplemented using external channels based 

on the transaction cost (Baek & Noh, 2014). It can be said that it is related to the problem 

of choosing which strategy would be used to achieve open innovation. 

As mentioned before, selecting and reconstructing the process of specific resources 

and knowledge cannot be separated from the improvement of firms’ innovation 

performance. Thus, firms actively strive to maximize their capabilities based on their 

resource and knowledge pools since they can be rewarded in the form of profit 

maximization by securing competitive advantages and market shares. However, firms 

cannot acquire all the resources and knowledge that are necessary to enhance their 

innovation performance. They can also be ignorant as to which resources and knowledge 

could be directly related to innovation performance. This raises the need for information 

sharing. That is, we can access information that has blind spots and reconstruct the 

cornerstone for innovation by sharing resources and knowledge. Considering this, the 

process of sharing resources and knowledge as a way of open innovation can be 

interpreted as an exploration process. Therefore, we can regard it as a routine to 

perpetuate the firm’s survival by reducing uncertainty (Nelson & Winter, 1982), and 
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consequently, it can be understood as a part of organizational learning that changes 

organizational behavior (Simon, 1945). Organizations should change their behavior to 

keep pace with the new circumstances, thereby to survive in the market. That is, the 

purpose of organizational change is to ensure organizations’ survival; thus, the 

organizational problem-solving process, that is, organizational learning should be 

addressed. Hence, as a way of change management, exploration is the key concept for an 

organization to pursue. According to Pentland (2014), exploration refers to “the use of 

social networks in harvesting ideas and information in that it is the part of idea flow that 

brings new ideas into a workgroup or community.” In the selection conflicts that may 

arise in this process, the results of others’ searches serve as imitation pressure that triggers 

a specific choice, suggesting a complementary solution. Therefore, open innovation could 

be argued as an organizational learning process in which organizations, that is, firms, find 

the optimal boundaries based on their resources and capabilities to ensure and sustain 

their survival and competitive advantages. Accordingly, the process of resources and 

knowledge sharing between firms is most crucial and should be considered first for 

increasing firms’ innovation performance. Therefore, we can say that the innovation 

performance of a firm through the reorganizing process of information relies on the inter-

organizational relationship (Powell, Koput & Smith-doerr, 1996; Zander & Kogut, 1995). 

Based on Chesbrough and Chen’s (2013) argument, open innovation enables the 

identification of unexpected usages of drugs other than the current usages. This suggests 

that open innovation could increase the possibility of finding beneficial uses by 
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broadening the range of resources that can be recognized. In this case, open innovation is 

an exploration process in which firms could broaden their pool of resources and 

knowledge. It is a crucial strategy to expand the diversity of the combinations and 

linkages necessary for the emergence of innovation spaces of the possible. In other words, 

it is a strategic alternative to the part where the inventors’ will can intervene to drive 

innovation. Considering the Eq. (2) in section 2.2, open innovation would be the best 

strategy that can structurally lead to the emergence of exaptation. 

 

2.4 Research Question 

As in section 2.2.1, qualitative research on exaptation in the academic field has been 

conducted from fairly diverse perspectives based on numerous anecdotal evidence. 

Analogous to evolutionary identity in nature, exaptation in the field of technological 

innovation has explained the research gap from three perspectives. Contrariwise, 

quantitative research on exaptation has been conducted at a very limited level. Andriani et 

al. (2017) measured the frequency of exaptation for New Molecular Entities (NMEs) in 

the pharmaceutical field and demonstrated the influence of exaptation on radical 

innovation in their study. However, it did not provide generalized implications; it used 

only 83 data samples, and the influence of exaptation on radical innovation was 

demonstrated by simple correlation without providing a clear standard. Furthermore, 

there has been no argument on the fundamental driving forces of exaptation. 

Consequently, although exaptation is a pivotal factor that should not be ignored in the 
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emergence of innovation as the main attribute of novelty generation, it still depends on 

serendipitous luck; thus, the existing limitation is yet unresolved. Hence, exaptation does 

not provide any practical implications in the real world represented by markets and firms. 

Therefore, in this study, we empirically measure the frequency of exaptation and identify 

its fundamental driving forces by focusing on the quantitative aspect rather than the 

academic argument of the concept itself. In doing so, we propose that exaptation can be 

structurally fostered and does not merely emerge from serendipity. 

 

Research Question: What is the driving force of exaptation and how can it be captured? 

 

Step 1: Measuring the frequency of exaptation 

Step 2: Identifying the origin of exaptation and capturing its driving force 
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Chapter 3. Measuring the Frequency of 

Exaptation 

3.1 The Pharmaceutical Industry 

The pharmaceutical industry is appropriate for measuring exaptation for the following 

reasons (Andriani et al., 2017). 

 

1. The artifacts, that is, drugs are identifiable and can be distinguished based on 

their unique characteristics. 

2. The functions of the artifacts are systematized by the international database, and 

thus, can be classified. 

3. Information of market needs, that is, diseases are systematized by international 

classification standards; thus, it is possible to identify how the indication of a 

drug for diseases has been expanding. 

4. The emergence of new usages occurs easily whereas the initial approval of 

artifacts is heavily regulated; thus, it is easy to compare the emergent usage with 

the original usage. 

 

Accordingly, in this study, we analyze the U.S. pharmaceutical industry to measure 

the frequency of exaptation. In the case of the U.S., the market entry of drugs is strictly 

regulated by the U.S. Food and Drug Administration (FDA), a federal agency responsible 
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for public health. Thereupon, only drugs that have passed all the regulations are approved 

as NMEs, resulting in what constitutes a high barrier to market entry. Therefore, NMEs 

that have been successfully approved by the FDA guarantee their efficacy, safety, and 

stability. Then, NMEs are exposed to contextual factors such as different physiological 

specificities of patients and concurrent diseases, which yield the non-approved usage of 

drugs, that is, the off-label usage (DeMonaco, Ali & von Hippel, 2006). In the U.S., 

doctors can prescribe drugs for off-label usages, whereas pharmaceutical companies 

banned such advertising other than for the approved usage of drugs (Ventola, 2009). On 

average, prescriptions for off-label usage account for 21% of the total. This goes up to 

46% in the field of cardiac medications and anticonvulsants (Radley, Finkelstein & 

Stafford, 2006), and even 85% for pediatric chemotherapy (DeMonaco et al., 2006). 

Therefore, even though off-label usages have not been officially approved, we can say 

that their practical impact is enormous. 

 

3.2 Empirical Setting 

3.2.1 Sample 

The sample here consists of FDA-approved molecular entity drugs, that is, NMEs, 

from 1998 to 2020 based on the U.S pharmaceutical market. We found that 733 NMEs 

were approved during this period. To scrutinize the original and emergent usage of drugs, 

the first step was to find credible information. Therefore, we used the FDA-official drug 

database along with the FDA annual drug calendars. We built our datasets using DrugDex 
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and Drugbank, which are one of the most widely used commercial databases for drug 

identification due to their availability and reliability (DeMonaco et al., 2006; Law et al., 

2014; Tillman et al., 2009; Wishart et al., 2008). Additionally, we used Standard & Pool’s 

Compustat, a widely-used database of financial and market information, to gather the 

financial information of the drug manufacturers (Chychyla & Kogan, 2015). 

 

3.2.2 Measurement 

From the perspective of dichotomous debate in the literature, it may be arbitrary to 

decide whether the emergence of new functions is derived from exaptation or adaptation 

since the line between them seems ambiguous. Even if the emergence of a new function 

drives the market demand in a new area, it is somewhat arduous to identify how new the 

function is compared to the original one. To attenuate these problems, the study measured 

the functional distance between the original and emergent usages of NMEs referring to 

Andriani et al. (2017). In this sense, both the original and emergent usages should be 

comparable within the same dimension, which is why a disease map is required. Hence, 

we used the International Classification of Diseases (ICD) established by the World 

Health Organization, which provides systematic disease information grouping based on 

the similarity of diseases. The U.S. modified the ICD to match their medical system; 

therefore, we used the latest modified version—the ICD-10-Clinical Modification (ICD-

10-CM)—in this study. It classifies diseases according to their pathogenesis and 

anatomical position, using a tree structure. Specifically, diseases are categorized into 22 
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general classes and are then categorized into subclasses. Additionally, each subclass is 

further categorized into a more detailed one. Each disease is assigned a code consisting of 

an alphabet with two successive numbers, and, in some cases, two additional numbers are 

assigned to provide more detailed disease information (Fig. 2). 
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Figure 2. Distance on the ICD-10-CM 
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The distance between the original and emergent usage of an NME can be categorized 

into the following three based on the bifurcation point of the two usages in the ICD-10-

CM. 

 

A. Large distance: An NME’s entry usage (original usage) and off-label usage 

(emergent usage) diverged at the general class, that is, a first-level bifurcation 

B. Intermediate distance: An NME’s entry usage (original usage) and off-label 

usage (emergent usage) diverged at the subclass, that is, a second level 

bifurcation 

C. Short distance: An NME’s entry usage (original usage) and off-label usage 

(emergent usage) have the same subclass but diverged at the lower level, that is, 

a third or lower-level bifurcation 

 

Based on the distance above, the following logic steps are used to check the 

occurrence of exaptation. 

 

1. For all NMEs, assign the ICD-10-CM code for all original usages and emergent 

usages based on each indication information. 

2. Set each code of emergent usages as a starting point and then compare every 

combination that could have been made between the code of original usages and 

that of emergent usages. 
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3. Find the shortest path and assign it as the distance of the emergent usage to 

determine the occurrence of exaptation. 

4. If the distance from the original usage is large or intermediate, that is, bifurcated 

at the first or second level, consider it as the occurrence of exaptation.1 

 

We can formulate this step as follows (Fig. 3). 

 

 

Figure 3. Function of Exaptation 

 
1 Bifurcation at the general or subclass level means that the market demand of the emergent usage does not 

conflict with that of the original usage. Conversely, if it is bifurcated at a much lower level, it may result in 

demand competition between usages within an overlapping market. Therefore, different market demand is the 

key factor in determining whether exaptation occurs or not. 
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For each NME, all the original and emergent usages can be substituted by a function 

with three successive values in the ICD-10-CM. A series of alpha, beta, and gamma refers 

to coordinates of a point considering each successive classification level. For example, in 

the case of BARICITINIB in Fig. 1, the original usage can be denoted as (13, 3, 1) and 

the emergent usage as (10, 2, 4); details can be found in Appendix. In addition, we value a 

different weight depending on the level of bifurcation between two usages. As discussed, 

the ICD-10-CM constitutes a tree structure where a general class has a different subclass 

that stands in a separate position. Hence, if the two usages have the same alpha value, that 

is, in the case of the first level bifurcation, it is meaningless to compare the beta and 

gamma. Likewise, if the two usages have the same alpha value but different beta, it is 

unnecessary to further compare the gamma value. In other words, we do not need to 

consider the subsection of the level where the bifurcation occurred. Assume that there are 

two usages with the coordinates of (13, 3, 1) and (12, 3, 2), respectively, in the ICD-10-

CM. Since bifurcation has already occurred on the first level, it should be calculated as 

(1X1=1), not as [1X1+0X0+(-1)x(1)] by additionally considering the further subclass. 

 

3.3 Results 

For the total of 733 NMEs approved by the FDA from 1998 to 2020, we found that 

1,090 emergent usages were newly generated out of 1,632 original usages. Among all 

emergent usages, exaptation occurred for 644 usages whereas adaptation occurred for 446 

usages. Interestingly, in novelty generation, the impact of exaptation is greater than 
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adaptation. This is clearly indicated in the case of NMEs approved by the FDA in 2004. 

The following is the cumulative distance of emergent usages in 2004 based on the logic 

of section 3.2.2 (Fig. 4). 

 

 

Figure 4. Cumulative Distance of Emergent Usages (2004) 

 

In section 3.2.2, we stated that exaptation has occurred if the distance is positive, and 

adaptation has occurred if otherwise.2 In this sense, for all NMEs approved by the FDA, 

even if the cumulative distance of emergent usages shows a value of 0 at the most, it 

 
2 It takes a value of +1 for the first level bifurcation, 0 for the second level bifurcation, and -1 for the third or 

lower-level bifurcation. Thus, exaptation, which is defined as occurring at the first and second level 

bifurcation, has a positive value. 
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means that exaptation has more likely occurred than adaptation. Accordingly, the right 

upward result shown in Fig. 4 implies that exaptation has occurred at a higher rate than 

adaptation for NMEs approved by the FDA in 2004. We then revisualized this result to 

the realm of exaptation and adaptation based on each frequency (Fig. 5). 

 

 

Figure 5. Realms of Exaptation and Adaptation (2004) 

 

We observed that the realm of exaptation exceeded that of adaptation in Fig. 5, which 

is in line with the fact that exaptation has occurred more than adaptation. 
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Figure 6. Ratio of Exaptation to Functional Emergence (2004) 

 

Fig. 6 shows that exaptation accounts for as much as 70% in the emergence of new 

usages of NMEs approved by the FDA in 2004, that is, of the 182 emergent usages in 

2004, 127 usages were from exaptation. Furthermore, it shows that exaptation has 

occurred more in the first level bifurcation than in the second. This means that the 

emergence of new functions tends to occur in a market that is much different from the 

market of existing usages. In other words, the expansion of the function occurs in far 

distinct areas radically rather than nearby areas of existing usages. 

In this study, we termed the NME in which exaptation has occurred at least once as 

“Exapted Drug” and the NME that has recorded more exaptation than adaptation for all 

emergent usages as “Exaptive Drug,” to identify the driving forces of exaptation in 
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chapter 4. Each was used as an indicator of whether exaptation occurred and its continual 

occurrence thereafter, respectively. We further denoted the “Tendency” of exaptation for 

all NMEs as a standard to statistically set the aforementioned. 

 

 

(3) 

Hence, exapted drugs have a positive value of tendency, and exaptive drugs have a 

value of tendency more than 0.5. 

 

 

(4) 

We used the three variables above as dependent variables to explore the driving force 

of exaptation. Details will be discussed in chapter 4. The descriptive statistics are as 

follows (Table 2). 

 

 

Table 2. Descriptive Statistics of Dependent Variables 
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The following are the main results of step 1, that is, measuring the frequency of 

exaptation for 733 NMEs approved by the FDA from 1998 to 2020. 
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Table 3. Main Results (Step 1)
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For 733 NMEs approved by the FDA from 1998 to 2020, we observed that exaptation 

occurred in 220 NMEs, of which, in 157 NMEs, exaptation occurred more than 

adaptation. In addition, 322 NMEs had new usages after approval from the FDA, which 

accounts for 44% of all NMEs. On average, 2.23 usages were approved by the FDA as 

entry usages, followed by 1.49 emergent usages afterward per drug. Among them, we 

found that 0.88 emergent usage was from exaptation. Exaptation accounts for 59% in the 

emergence of usage, and even if all usages of NMEs are considered, that is, taken 

together with all original usages and all emergent usages, its impact accounts for 24% of 

the total. 

The results show that the number of emergent usage decreases closer to the year 2020. 

This is because new usages were discovered sequentially based on clinical information 

gathered from the doctor or the pharmacist, not immediately after the approval of the 

NME. Hence, the number of emergent usages is proportional to the accumulated time 

since the approval of the NME. In this respect, the occurrence of exaptation can be 

understood as a part of the cumulative process that requires a certain amount of time. 
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Chapter 4. Identifying the Origin of 

Exaptation and Capturing its Driving Force 

4.1 Hypothesis 

In chapter 2, we briefly discussed how spaces of the possible and open innovation can 

be reinterpreted with a focus on exaptation. Most previous studies on exaptation have 

focused on where the inventor’s will cannot be involved in the emergence of 

technological innovation resulting from the ex-post view of exaptation in nature. Thereby, 

spaces of the possible have been somewhat viewed from a biased perspective. In this 

sense, exaptation still holds the fundamental limitation that its occurrence only depends 

on given luck, that is, serendipity. Focusing on this research gap, this study aims to 

present a balanced point of view on the occurrence of exaptation by separating two key 

elements that compose spaces of the possible. 

 

4.1.1 Applicant-oriented Exaptation 

4.1.1.1 Open Innovation 

The pharmaceutical industry is a capital-intensive and technology-intensive industry; 

thus, it is regarded as one of the high-tech industries. Since the industry targets the human 

body, the whole process of drug development, clinical trials, and distribution to market 

bear astronomical expenses. For this reason, several pharmaceutical firms (Big pharma) 

developed innovative drugs and dominated the market based on the accumulated capital 
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and technology realizing economies of scale, which went on to constitute the basic 

industry structure in the past. As a result, the new entrants did not have enough 

capabilities to penetrate the market in terms of capital and technology. They relied on 

producing and selling generic copy drugs of the incumbents. However, with the advent of 

biosimilars, the pharmaceutical industry faced the transition of paradigm and opened a 

new era, that is, the era of open innovation. As biosimilars have come to open a new 

market, each of the pharmaceutical firms are striving to enhance their competitiveness in 

the market based on their internal capabilities, making full use of the external channels 

simultaneously. In other words, pharmaceutical firms of today are trying to secure their 

market competitiveness by integrating external resources and knowledge into internal 

capabilities, which will help them find the optimal point of exploitation and exploration 

(March, 1991). Celltrion and Samsung Biologics in Korea are the examples of success 

who have taken the advantage of open innovation. Both of them focused on Contract 

Manufacturing Organization (CMO) in the early stage to raise capital, through which they 

accumulated their capabilities to penetrate the market of biosimilars as the first-movers. 

In short, they succeeded to enhance their competitiveness in the market by focusing on 

the early strategy of open innovation. 

As discussed in section 2.2, it is important to secure the diversity of combinations and 

linkages between the components of innovation, that is, technologies or products in order 

to increase the occurrence of exaptation. Firms, as entities of organizational behaviors, 

strive to survive in the market and secure continuous competitive advantages. In this 
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sense, technological innovation is essential, and the R&D capabilities of a firm is directly 

related to its innovation performance since it is crucial in reorganizing the existing 

resources and knowledge to create new and advanced ones (Griliches, 1979; Rothaermel 

& Hess, 2007). Hence, firms use external channels to secure R&D capabilities via open 

innovation (Teece et al., 1997), which constitutes a way of M&A and strategic alliance in 

general. On the one hand, M&A refers to a management strategy in which two firms with 

independent structures are integrated into one governance structure (Hagedoorn & 

Duysters, 2002). It generally aims to help a firm secure the resources it does not have 

from the target firm. In other words, the primary motivation for a firm to promote M&A 

is to improve its innovation performance by securing R&D capabilities, as is from things 

such as human resources, technologies, and knowledge of the target firm (Hagedoorn and 

Duysters, 2002; Haspeslagh and Jameison, 1991; Puranam and Srikanth, 2007). On the 

other hand, strategic alliance refers to a management strategy that seeks to secure 

competitive advantages based on a mutual cooperation between firms (Eisenhardt & 

Schoonhoven, 1996), ensuring an independent governance structure. The primary 

motivation through which a firm expands its resources and knowledge pool is the 

learning of the affiliated firm (Dyer & Nobeoka, 2000; Kale et al., 2000; Khanna, Gulati 

& Nohria, 1998; Hamel, 1989). 

Therefore, a firm that takes full advantage of either of the ways of open innovation 

can expand its resources and knowledge pool using external channels, and thus, can 

increase the diversity of combinations and linkages between them. In this sense, we can 
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infer that the possibility of the emergence of innovation can be increased in spaces of the 

possible, and the same for exaptation. Thus, we can formulate the hypothesis as follows. 

 

H1a: A firm’s open innovation strategy based on M&A and strategic alliances will have 

a positive effect on the occurrence of exaptation. 

 

4.1.1.2 Portfolio diversification 

As discussed in section 2.3, since the innovation performance of firms can lead to 

their profit maximization, they strive to secure the core resources and knowledge that are 

directly related to innovation performance. However, in a modern market with uncertainty, 

a firm cannot have all the resources and knowledge, which inevitably causes a problem of 

choosing as to which resources and knowledge to use. Consequently, a firm strives to 

minimize uncertainty under the given circumstances by maximizing the use of resources 

and knowledge, thereby attempting to achieve an optimal innovation performance. In this 

regard, a firm should carry the capabilities of sensing market changes, seizing new 

opportunities and transforming resources via reorganization. Teece et al. (1997) defined 

these capabilities as the dynamic capabilities of a firm, arguing that a firm could cope 

with uncertainty by concentrating the integration and reorganization of resources under 

the given circumstances. In other words, a firm can secure sustainable competitive 

advantages through capabilities that select appropriate resources and knowledge, and 

transform them under the changing market conditions (Eisenhardt & Martin, 2000). 
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Hence, a firm should manage its resources and knowledge effectively so as to ensure that 

it continuously survives in a dynamic market condition. From this point of view, dynamic 

capabilities can be said to be derived via the portfolio management of a firm’s resources 

(Daniel, Ward & Franken, 2014; Killen, Hunt & Kleinschmidt, 2007; Sicotte, Drouin & 

Delerue, 2014). 

The fact that a firm can integrate and reorganize the resources in various ways via the 

diverse resources held means that it is possible to form a diversified portfolio as well. In 

line with in section 4.1.1.1, this indicates that the diversity of combinations and linkages 

between the components in spaces of the possible can be increased. Thus, it is fair to state 

that the occurrence of exaptation can be increased by having a diverse portfolio. 

 

H1b: A firm’s drug class portfolio diversity will have a positive effect on the  

occurrence of exaptation. 

 

4.1.2 Artifact-oriented Exaptation 

4.1.2.1 Popularity 

If a specific technology, knowledge, or product leads the trend in the industry 

paradigm, we can say that various sub- and related studies have been carried out in this 

regard. Expansion of a specific technology, knowledge, or product that belongs to the 

center of the industry paradigm could initiate various discussions of the concept itself, 

through which the quantitative accumulation process of the concept initiates the 
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qualitative expansion afterward. That is, specific technology, knowledge, or product 

acquires complexity encompassing various sub- and related concepts. In this sense, it can 

be understood as increasing the modularity of the element (Andriani & Carignani, 2014) 

via the improvement of near-decomposability (Simon, 1982). It is fair to state that the 

influence of specific technology, knowledge, or product within the industry paradigm can 

be substituted by the element’s popularity; thus, the process of acquiring popularity 

within the industry paradigm can be equivalent to the process of increasing the 

modularity of components in spaces of the possible. Consequently, the occurrence of 

exaptation can be increased when a component by itself becomes popular enough to lead 

sub- and related debates. 

 

H2a: The popularity of drug class to which a drug belongs will have a positive effect 

on the occurrence of exaptation. 

 

4.1.2.2 Initial versatility 

If a specific element as itself inherently encompasses various sub- and related 

concepts, it can be said to have endogenous advantages in the emergence of innovation, 

regardless of the popularity it has within the industry paradigm. In other words, the given 

versatility of the element determines the possibility of the emergence of innovation, in 

that, it is interpreted as plausibly having an equivalent modularity as well. In this sense, it 

can be said that the element with high versatility favors the occurrence of exaptation from 
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its innate modularity as a component itself in spaces of the possible.  

 

H2b: The initial versatility of a drug will have a positive effect on the occurrence of 

exaptation. 

 

4.2 Empirical Setting 

4.2.1 Variables 

In line with the hypotheses stated in section 4.1, we gathered the manufacturer and 

drug information of 733 NMEs approved by the FDA from 1998 to 2020. Manufacturer-

related information consists of the name of the manufacturer, financial information (total 

assets, revenues, the number of employees), information about the open innovation 

adoption3, details about the number of NME pipelines owned, and information about the 

degree of drug class diversification in the NME pipelines. Drug-related information 

consists of information relating to the approval year of NME, dosage route, priority 

review4, orphan review5, the development frequency of drug class to which a drug 

belongs, indication and the number of original usages, and those of emergent usages. 

 
3 As discussed in section 2.3, open innovation encompasses various sub concepts, in that, it refers to all the 

processes in which a firm integrates and utilizes its internal resources and capabilities with those on the 

outside to sustain its competitive advantage in the market. In this study, we compared the initial manufacturer 

at the time of drug approval and the present manufacturer for all NMEs. If the two were different, we further 

investigated the relationship between them, focusing on whether they went through M&A or the strategic 

alliance. If so, we assigned 1 as a dummy, 0 otherwise. 
4 It is a part of the review processes carried out by the FDA. Prior to drug approval, significant improvements 

in safety, effectiveness of the treatment, diagnosis, or prevention of diseases would be evaluated in 

comparison to the existing drugs with the same indication. If it shows significant improvements, it would be 

designated as a priority review to take actions on an application within 6 months. Otherwise, it would be 

designated as a standard review, thus, lagging in the priority of NME approval. 
5 It is a part of the review processes to confirm if a drug was developed for rare diseases. 
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Following this, we used manufacturer-related information as a proxy for applicant-

oriented exaptation, and drug-related information as a proxy for artifact-oriented 

exaptation. Finally, we set four information areas as independent variables with regard to 

the hypotheses of sections 4.1.1 and 4.1.2. They are: open innovation adoption, the degree 

of drug class diversification in the NME pipelines, the popularity of drug class to which a 

drug belongs, and the number of original usages of a drug. Besides, we controlled some 

of the information that might directly or indirectly affect the occurrence of exaptation 

such as the financial information of a manufacturer (total assets & the number of 

employees), priority review, and orphan review adoption of a drug. The descriptive 

statistics are as follows (Table 4). 
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Table 4. Overall Descriptive Statistics
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4.2.2 Methodology 

Generally, logistic regression is the most widely used method to analyze categorical 

and discrete variables as a non-linear model (Allison, 2012; Harrell, 2015; Long, 1997; 

Morrow-Howell & Proctor, 1993; Stokes, Davies & Koch, 2012). In this chapter, since 

we intend to examine hypotheses empirically by analyzing the correlations between the 

binary dependent variable and the four expected variables, it is appropriate to use logistic 

regression for the test. Hence, we used logistic regression to analyze the effects of four 

independent variables on the occurrence of exaptation and its degree based on the 

definitions of (3) and (4) provided in section 3.3.6 In order to verify the robustness of the 

analysis, we further set the ratio variable “Tendency” and the continuous variable “No. of 

Exaptation” as the dependent variable and conducted linear regression respectively. We 

also conducted a mixed-effect linear regression to confirm the possibility of the influence 

that the manufacturers may have endogenously in the occurrence of exaptation 

(Appendix). Additionally, we tested the goodness of fit for the model by using the 

Hosmer-Lameshow test. 

 

 

(5) 

 

 
6 Based on the continuous variable “Tendency”, we reconstructed categorized discrete variables, that is, 

“Exapted Drug” with a positive tendency and “Exaptive Drug” with a tendency of more than 0.5 for 

indicating the emergence of exaptation and its continual occurrence thereafter, respectively. 
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4.2.3 Correlations 

The overall correlations are as follows (Table 5). The number of employees of the 

manufacturer and the priority review adoption of a drug, which had been set as control 

variables, seemed to have multiple correlations with other variables. However, all the 

levels were acceptable. In all the variables, the maximum correlation value was 0.3888, 

which was less than 0.4. When the correlation has a value of more than 0.4, it is 

considered to have a moderate level of correlation in general (Akoglu, 2018).
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Table 5. Overall Correlations 
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4.3 Results 

As a non-linear regression model, the coefficient of logistic regression means a 

change in log odds as the corresponding variable increases. That is, the influence of the 

independent variable on the dependent variable cannot be assumed to have a linear 

relation. However, positive (+) or negative (-) represents the success probability that the 

value of the dependent variable changes from 0 to 1. Thus, each can be understood as an 

increase or decrease in the probability of success. In this regard, the success probability of 

this study surrogates the probability of occurrence of exaptation. If the value of a 

coefficient is positive (+), it means that an increase in the corresponding variable can 

increase the probability of the occurrence of exaptation. Conversely, if the value of a 

coefficient is negative (-), it means that an increase in the corresponding variable reduces 

the probability of the occurrence of exaptation. The main results of the logistic regression 

and additional linear regression model (OLS) for robustness tests are as follows (Table 6).
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Table 6. Main results (Step 2)
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4.3.1 Applicant-oriented Exaptation 

For the 733 NMEs approved by the FDA from 1998 to 2020, at first, we observed that 

a firm’s open innovation strategy has a positive effect on the occurrence of exaptation, as 

shown in Table 6. In this study, we examined the manufacturer’s open innovation 

adoption focusing on the M&A and strategic alliance between firms, and as a result, 

statistically confirmed that open innovation can be used as a meaningful strategy for 

enhancing exaptation. This means that each firm can significantly increase the probability 

of the occurrence of exaptation in spaces of the possible as it can increase the diversity of 

combinations and linkages by expanding its resources and knowledge pool with open 

innovation. Second, we observed that a firm’s drug class portfolio diversity has a positive 

effect on the occurrence of exaptation as well. By diversifying the pipelines in terms of 

drug class, a firm can secure continuous competitive advantages actively as it reorganizes 

its resources and knowledge in line with the changing market conditions. In other words, 

a firm can increase the diversity of the combinations and linkages of drug related 

resources and knowledge in spaces of the possible by diversifying its pipeline portfolio 

through various drug classes, and thus, can respond to the market uncertainty effectively. 

In this regard, the results confirm that a firm’s portfolio diversification strategy can 

increase the possibility of discovering new usages by facilitating the combination and 

reorganization of its resources and knowledge related to drugs. This means that each firm 

can also increase the probability of the occurrence of exaptation via the diversification of 

its pipeline portfolio. 
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However, we found that only the open innovation strategy was observed to be 

significant in the continual occurrence of exaptation. That is, a firm’s portfolio 

diversification strategy can significantly lead to the emergence of exaptation temporarily, 

but not continually. On the other hand, a firm’s open innovation strategy is very useful not 

only for initiating exaptation, but also for continuing its occurrence thereafter. Based on 

the two main strategies mentioned above, we visualize the each applicant’s frequency of 

exaptation as follows (Fig. 7). 

 

7
Figure 7. Exaptation by Applicant 

 
 

7 The size of the bubble indicates the frequency of exaptation. 
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As shown in Fig. 7, Firms in the 4th and 1st quadrants have the highest frequency of 

exaptation. We confirmed that their firm size in relation to the area of corporate finance 

such as total assets, revenues, and the number of employees were much larger than those 

of others. Specifically, ABBVIE was identified as the firm that exploits both the open 

innovation strategy and the portfolio diversification strategy in balance. Nevertheless, 

HOFFMANN-LA ROCHE, MERCK, NOVARTIS, PFIZER, and SANOFI-AVENTIS are 

ahead in the frequency of exaptation. The reason why ABBVIE, which does not reach 

their firm size, can show a similar level of exaptation frequency as those lies in the open 

innovation strategy. Therefore, it is worth stressing that the open innovation is the most 

effective strategy to enhance the occurrence of exaptation for a mid-sized firm with a 

certatin amount of financial power in particular.  

 

4.3.2 Artifact-oriented Exaptation 

Third, we observed that the development frequency of drug class to which a drug 

belongs, that is, the popularity of a drug class has a significant effect on both the initiation 

of exaptation and its continual occurrence. However, contrary to our expectations, it was 

found to have a negative effect, which means that, as the popularity of a drug class 

increases, the probability decreases not only in the case of emergence, but also in the 

continual occurrence of exaptation thereafter. This is because, presumably, the occurrence 

of adaptation precedes that of exaptation. For the drug class that already led the trend of 

the industry with high popularity, a newly approved NME would face fierce competition 
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for market penetration. In this regard, the drug development process is likely to focus on 

the characteristics that are different from the existing drugs, rather than the general 

characteristics of a drug class that can be used at a broad level. In other words, it may 

focus to bring unique characteristics within the part to which the original usage is most 

closely related, rather than being completely separated from the original usage. Hence, it 

is evident that, the higher the popularity of a drug class, the more likely it is for 

adaptation to occur prior to exaptation, and consequently, it is reasonable for it to have a 

negative effect on the emergence of exaptation as well as its occurrence afterward. For 

this reason, hypothesis H2a is rejected. Fourth, we observed that the number of original 

usages, that is, the versatility of the NME has a positive effect on the occurrence of 

exaptation. This means that, the greater the inherent versatility of the NME, the higher the 

probability of the occurrence of exaptation, just as having a high level of innate 

modularity in spaces of the possible. The result of OLS supports the robustness of logistic 

regression results and their interpretations in all the areas. 
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8
Figure 8. Exaptation by Artifact (Drug Class) 

 

Based on the main characteristics of section 4.3.2, we visualized the frequency of 

exaptation as above. As shown in Fig. 8, anti-neoplastic agents undoubtedly led the 

modern pharmaceutical industry as a trend. However, the frequency of exaptation is not 

directly proportional to the popularity of a drug class to which a drug belongs. 

 
8 As in Fig. 7, the size of the bubble indicates the frequency of exaptation. 
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4.4 Robustness for Model 

In this study, we examined the goodness of fit of the model using the Hosmer-

Lameshow test to check if the constructed data is suitable for logistic regression. The null 

hypothesis of the Hosmer-Lameshow test is that the observed and expected proportions 

are the same across all estimations, that is, the specified model is correct. Hence, if the 

null hypothesis were not rejected, the data constructed can be understood as a suitable 

model for logistic regression. Just as the results shown in Table 7, the p-value was 

observed to be 0.3736 and 0.3913 for “Exapted Drug” and “Exaptive Drug,” respectively, 

which means that the null hypothesis could not be rejected even in the significance level 

of 10 percent in both the cases. Therefore, the data constructed in this study can be said to 

be suitable as a model for logistic regression. The results of the Hosmer-Lameshow test 

are as follows (Table 7). 

 

 

Table 7. Hosmer-Lameshow Test for Logistic Regression (Goodness of Fit) 
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Chapter 5. Conclusions 

5.1 Summary 

In this study, we measured the frequency of exaptation for all the 733 NMEs approved 

by the FDA from 1998 to 2020. We set the variable “Tendency” to demonstrate the 

exaptation pattern of NMEs. In brief, we found that 1,632 original usages were approved 

as an entry usage of drugs and 1,090 usages were newly acquired thereafter. Of the 1,090 

newly acquired usages, 644 of them were resulting from exaptation. Each NME had 2.23 

original usages for approval, followed by 1.49 off-label usages afterward on average. 

From these acquired usages, we found that 0.88 usage was from exaptation. Taken 

together, we observed that the influence of exaptation on novelty generation was 59%. 

Considering all the usages of NMEs, it accounts for as much as 24%. In this sense, it is 

worth stressing that exaptation exerts a far greater influence on novelty generation than 

our expectations. 

We identified a total of three factors that drive exaptation significantly. The fact that 

increasing the diversity of combinations and linkages between components in spaces of 

the possible constitutes a part where we can intentionally intervene with the teleology 

employing corporate strategies. Our results show that the open innovation strategy and 

portfolio diversification strategy of firms have a positive effect on the occurrence of 

exaptation. In particular, the open innovation strategy was found to be effective not only 

for the emergence of exaptation, but also for the continual occurrence of exaptation 
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afterward. Apart from the perspective of firms, the initial versatility of drugs itself was 

observed to be significant in the occurrence of exaptation. The popularity of a drug class 

was not found to be effectively inducing exaptation as the occurrence of adaptation 

precedes. In sum, all the hypotheses except H2a were confirmed to be statistically 

significant.  

 

5.2 Implication 

Previous studies have explored the unique characteristics of exaptation based on 

academic debates, thereby, have further on presented the implications of exaptation in the 

field of technological innovation. For this reason, although exaptation did come to the 

spotlight, it still suffered from the fundamental limitation that its occurrence solely relied 

on serendipity because of the absence of the identification of its driving forces. This study 

started with the objective of addressing this research gap and focused on the 

demonstration of exaptation. There are two steps that we followed: 1) measured the 

frequency of exaptation and 2) identified its fundamental driving forces. This study has 

expanded the concept of exaptation one step further in comparison to the previous studies, 

thereby proposing practical implications that are more suitable for the real world. In this 

respect, this study makes a meaningful contribution. 

Our results show that exaptation can be driven by two different axes based on the firm 

(applicant) and the artifact. From this point of view, we can overcome the myth and the 

limitation of exaptation that its occurrence merely depends on the serendipity emerging 
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from the internal characteristics of the artifact itself. Most of all, this presents that we can 

facilitate the occurrence of exaptation structurally through corporate strategy. 

 

5.2.1 Managerial Implication 

Firms can foster exaptation using dual processes. First, they can take full advantage of 

open innovation at the inter-firm level. As discussed in section 4.3.1, it is the most 

effective strategy for facilitating the occurrence of exaptation. Each firm can expand its 

resources and knowledge pool through external channels in order to increase the diversity 

of combinations and linkages between them. In other words, a firm can structurally 

enhance its innovation performance; thus, it can survive and secure competitive 

advantages in the high-tech pharmaceutical industry. 

Second, they can focus on the intra-firm level strategy by diversifying their pipeline 

portfolio. In this modern market with uncertainty, firms’ dynamic capabilities are of 

paramount importance. Firms can maximize their innovation performance through the 

ability to select their resources and knowledge in line with the changing market 

conditions and transform their composition appropriately. In doing so, they can minimize 

the market’s uncertainty. In this sense, pharmaceutical firms can integrate and reorganize 

information related to drugs by diversifying their pipeline portfolio into various drug 

classes. This is also consistent with the fact that a firm can structurally enhance its 

innovation performance through exaptation as aforementioned. 
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5.3 Limitation & Future Study 

Despite these contributions, we present some limitations in the following. First, the 

reliability of databases and classification systems that were used to measure the frequency 

of exaptation. Although DrugDex and DrugBank are known as the most widely used 

commercial drug databases based on their reliability and accessibility, they still carry 

problems when gathering information about the emergent usages of drugs. For example, 

we found some cases where, although the information on off-label usages was listed in 

medical journals, it was omitted from databases. Further, we could not gather information 

relating to when each of the emergent usages were registered in the database. This 

indicates that a standard time to measure the frequency of exaptation has no options but 

just to be set as the present. In other words, it is impossible to trace back as to when the 

exaptation occurred for each of the emergent usages. Second, this study merely presents 

the academic relationship between technological innovation and exaptation by borrowing 

the concept of “spaces of the possible.” As a proxy for technological innovation, we 

introduced innovation performance. Consequently, it is impossible to relate the figure 

information on the extent to which the exaptation pattern affects the actual innovation 

performance of a firm, and thus, the boundary on how much exaptation should be 

considered is still somewhat ambiguous.
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 1. ICD-10-CM Tabular List of Diseases and Injuries (General Classes) 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 2. ICD-10-CM (Subclass): Chapter 1 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 3. ICD-10-CM (Subclass): Chapter 2 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 4. ICD-10-CM (Sub class): Chapter 3 

 

 

 

Appendix Figure 5. ICD-10-CM (Subclass): Chapter 4 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 6. ICD-10-CM (Sub class): Chapter 5 

 

Appendix Figure 7. ICD-10-CM (Subclass): Chapter 6 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 8. ICD-10-CM (Subclass): Chapter 7 

 

 

Appendix Figure 9. ICD-10-CM (Subclass): Chapter 8 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 10. ICD-10-CM (Subclass): Chapter 9 

 

Appendix Figure 11. ICD-10-CM (Subclass): Chapter 10 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 12. ICD-10-CM (Subclass): Chapter 11 

 

 

Appendix Figure 13. ICD-10-CM (Subclass): Chapter 12 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 14. ICD-10-CM (Subclass): Chapter 13 



80 

 

Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 15. ICD-10-CM (Subclass): Chapter 14 

 

Appendix Figure 16. ICD-10-CM (Subclass): Chapter 15 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 17. ICD-10-CM (Subclass): Chapter 16 

 

Appendix Figure 18. ICD-10-CM (Subclass): Chapter 17 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 19. ICD-10-CM (Subclass): Chapter 18 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 20. ICD-10-CM (Subclass): Chapter 19 



84 

 

Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 21. ICD-10-CM (Subclass): Chapter 20 
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Appendix 1: ICD-10-CM Tabular List of Diseases and Injuries 

 

Appendix Figure 22. ICD-10-CM (Subclass): Chapter 21 

 

 

Appendix Figure 23. ICD-10-CM (Subclass): Chapter 22 
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Appendix 2: Robustness 

 

Appendix Table 1. Robustness (Exapted Drug) 
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Appendix 2: Robustness 

 

Appendix Table 2. Robustness (Exaptive Drug) 
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Appendix 2: Robustness 

 

Appendix Table 3. Robustness (Tendency) 
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Appendix 2: Robustness (Mixed-Effects Regression Model) 

 

Appendix Table 4. Robustness (Mixed-Effects Regression Model) 
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Appendix 2: Robustness (No. of Exaptation) 

 
Appendix Table 5. Robustness (No. of Exaptation) 
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Abstract (Korean) 

 

기존의 것과는 전혀 다른 용도 및 기능으로 진화된 형질이 현재의 영역에

서 활용되는 일련의 패턴을 뜻하는 굴절적응 (Exaptation)은 새로움의 창발 

(Novelty generation)로 말미암아 혁신을 견인하는 핵심원리임에도 불구하고 여

지껏 그에 상응하는 충분한 연구가 부재한 실정이다. 비록 몇 가지 선행연구

를 통해 굴절적응의 역할과 함의에 대한 면밀한 조사 및 분석이 이루어졌지만, 

대부분의 경우 현상의 실증보다는 개념이 갖는 학술적 논의에 오롯이 그 초점

을 집중한다는 점에서 분명한 한계를 보여주고 있다. 더불어 해당 현상이 갖

는 사후성에 입각하여 다소 편향된 시각에서 굴절적응의 발생을 단순히 우연

한 기회 (Serendipity)로 말미암아 외생적으로 주어지는 것으로 바라보았다. 

따라서 본 연구에서는 기존의 편향된 통념과 한계점에서 벗어나 보다 균형

잡힌 시각에서 굴절적응을 재조명하고자 한다. 이에 제약산업을 활용하여 굴

절적응의 빈도를 측정하고 그 동인을 정량적으로 분석함으로써, 현실세계에서 

혁신 창발의 핵심원리로서 굴절적응이 갖는 영향력을 실증하였다. 더불어 가

능성의 공간 (Spaces of the possible)을 이루는 두 가지 핵심요소에 주목하여 굴

절적응의 동인을 기업과 인공물로 각각 이분화함으로써 그 발생을 구조적으로 

견인할 수 있는 현실적인 대안을 제시하였다. 

분석 결과 FDA 승인 이후 신약이 획득한 새로운 용도 (Off-label usage) 중 

약 59%가 굴절적응으로부터 기인한 것으로 나타났고, 전체 신약의 30%에서 
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굴절적응이 발생한 것을 확인하였다. 덧붙여 기업의 개방형 혁신 전략과 포트

폴리오 다각화 전략을 통해 굴절적응의 발생을 구조적으로 유도할 수 있음을 

확인하였다. 

 

주요어 : 굴절적응, 가능성의 공간, 개방형 혁신, 제약산업, 사후적 해석 

학  번 : 2019-24161 
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