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  Scientific and technological (S&T) advances underpin opportunities for 

innovation in the pharmaceutical industry. Government-funded research institutions and 

firms perform biomedical research to generate S&T advances and enable pharmaceutical 

innovation. Previous research found that the number of new drugs approved by the US 

Food and Drug Administration (FDA) has stagnated. The observed stagnation has been 

interpreted as a decline in the return on research investments. The apparent decline in 

productivity may be due to the increasing technological difficulty of using S&T advances 

to develop new drugs and the organizational complexity of incorporating S&T advances 

generated by government-funded research institutions and firms to develop a new drug. I 

apply theories of organizational learning to examine how the use of S&T advances to 

develop new drugs affects the productivity of drug development activities, measured as 

the time taken to complete early stage pre-clinical research and late stage clinical 

development activities.  

 I have constructed a novel data set that maps the production and utilization of 

S&T advances in three phases of market-oriented drug development. By measuring 

productivity at the project level, I am able to model productivity as the time taken to 

complete a R&D project as a function of three factors: (1) the technological 

characteristics of the drug; (2) the use of components generated by other entities; and (3) 

the research capabilities of the innovating firm. These models enable me to identify 

technological and organizational factors that affect the efficiency with which S&T 

advances are transformed into new drugs. 

 Analyses indicate that different technological and organizational factors affect the 

productivity of pre-clinical research and clinical development. While the time taken to 

complete a pre-clinical research project is largely determined by the complexity and 

innovativeness of the drug, the time taken to complete clinical development is a function 

of the firm's R&D previous experience. The time taken to complete the entire drug 

development project is determined by the complexity of pre-clinical research and the 

firm's R&D capabilities. The results are discussed in detail along with policy 

implications.  
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CHAPTER 1: INTRODUCTION 

 

 In the pharmaceutical industry, fundamental scientific and technological (S&T) 

advances about disease processes underpin opportunities to develop innovative drugs. 

The United States (US) government funds fundamental biomedical research specifically 

to generate the S&T advances that spur pharmaceutical innovation. However, there is 

little empirical evidence indicating that the use of such S&T advances in early-stage 

innovation activities increases the productivity of subsequent late-stage development 

activities, measured as the number of new drugs approved by the US Food and Drug 

Administration (FDA) (Danzon, Nicholson, and Pereira  2005; George, Zahra, and Wood 

2002). The absence of such a link suggests that science-intensive drug development is a 

complex process. The productivity of pre-clinical research and clinical development 

activities is likely to be affected by an array of technological and organizational factors.
1 

  

 It is difficult to evaluate the impacts of publicly funded research on the 

productivity of the pharmaceutical industry, because developing a drug based on 

fundamental S&T advances is a long, technologically complex and difficult process. 

When productivity is not measured precisely, it is not possible to accurately assess the 

impacts of innovation or regulatory policies. In this dissertation, I examine how 

technological and organizational factors affect the time taken to complete a successful 

                                                 
1
 Pre-clinical research consists of laboratory and animal studies to evaluate the therapeutic characteristics 

of  a drug candidate. Clinical development is a series of studies to define the therapeutic effects and 

safety of a drug in humans. 
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drug development project. The results of this research contribute to discussions about the 

effectiveness of four types of policies that are intended to improve the impact of publicly 

funded research and increase the productivity of the pharmaceutical industry: (1) 

government support for biomedical research; (2) government incentives for research and 

development (R&D), including both intellectual property and market exclusivity policies; 

(3) government technology transfer policies; and (4) FDA regulatory requirements. In this 

chapter, I briefly describe each policy issue and how this research contributes to the 

debates surrounding each.  

 

1.  Government support for biomedical research 

 The primary policy objective for funding biomedical research is to spur 

pharmaceutical innovation (Cockburn 2004; Dasgupta and David 1994).
2
 Accordingly, 

policy discussions regarding industry productivity and growth usually focus on the 

number of drugs developed as a function of R&D expenditures in the public and private 

sectors (Reichert 2003; Cockburn 2004; Pisano 2006; Danzon, Nicholson, and Pereira 

2005).
3
 While public and private sector funding for biomedical research have steadily 

increased since the 1980s, the number of new drugs developed remained constant 

throughout the 1990s and early 2000s (Cockburn 2004; Munos 2009; Reichert 2003). The 

                                                 
2
 The government funds biomedical research to generate scientific knowledge that may be applied to 

improve health, security, and economic well-being. Scientific knowledge and technological capabilities 

generated through government-funded research establish a national capability to prevent disease.  
3
 The impacts of publicly funded research are also evaluated in terms of the contribution to the 

development of a scientific workforce. Such impacts are often measured in terms of the number of 

universities receiving funding, number of graduate students supported by public research grants, and 

number of masters degrees and doctorates granted.  
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observed stagnation in the number of drugs developed has been widely interpreted as a 

decline in the impact of research funding and industry productivity. 

 There are several possible explanations for the decline in productivity. Some 

suggest that this decline is attributable to the technological difficulty of transforming 

fundamental radical scientific advances about disease processes and drug targets into new 

drugs (Cockburn 2004).
4
 Alternatively, it is possible that there is uncertainty about how 

recent S&T advances could be applied to develop new drugs. Firms may avoid using 

recent S&T advances in innovation projects, because they are likely to have to perform 

costly additional research to resolve uncertainties and successfully develop the drug 

(Arora et al. 2009; Guedj and Scharfstein 2004). It is also possible that firms are choosing 

to develop highly innovative drugs for which there are few or no existing treatments. It 

could be more difficult to develop a novel drug because a firm cannot use knowledge 

about the therapeutic effects of similar drugs to design pre-clinical and clinical studies 

and evaluate the results (Dranov and Meltzer 1994). When developing a novel drug a 

firm is likely to have to perform more extensive R&D to define the therapeutic 

characteristics of the drug and elucidate the safety and efficacy of the drug (Reichert 

2003; Dranov and Meltzer 1994). As a result, firms are likely to take longer to develop 

novel drugs. These alternative explanations make different assumptions about how the 

use of S&T advances and the novelty of the drug affect the time taken to develop a new 

drug and the number of drugs developed annually. 

                                                 
4
      A radical S&T advance builds narrowly on existing scientific knowledge, whereas an incremental S&T 

advance builds broadly on existing S&T knowledge. There is likely to be broader and deeper 

contextual knowledge about incremental S&T advances than radical ones. 
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 The observed stagnation may indicate a need to adapt government strategies for 

funding biomedical research. Several government agencies, including the National 

Institutes of Health (NIH) and the Food and Drug Administration (FDA), have begun to 

increase funding for “translational research” programs (Butler 2008). In translational 

research, scientists apply fundamental knowledge about disease processes to identify and 

evaluate drug targets and candidates. Translational research bridges fundamental research 

and innovation.
5, 6 

However, the effectiveness of fundamental and translational research 

strategies depends on the underlying cause of the decline in productivity. If fundamental 

S&T advances are increasingly difficult to apply or the potential feasibility of developing 

a drug based on fundamental S&T advances are not evident, translational research may 

improve productivity by more precisely characterizing drug targets and drug candidates. 

If firms are using more rigorous standards to select technologically feasible projects, then 

translational research may improve productivity by exploring the scientific underpinnings 

and resolving technological uncertainties about the application of S&T advances and 

developing novel drugs. Accordingly, government strategies for funding fundamental and 

translational research could be made more effective by applying an understanding of how 

the technological characteristics of the drug development project, including the radical 

nature of the S&T advances and the novelty of the drug, affect the difficulty of the drug 

development project and the time taken to complete it. 

                                                 
5
 Since the outputs of translational research are typically measured in terms of the number of drugs 

successfully developed drugs, the impacts of such research programs are likely to be realized over 

time. 
6
 A drug target is a molecule in the human body that can be modified to produce a desired therapeutic 

effect. A drug candidate is a molecule that interacts with the drug target to produce a therapeutic effect.  
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This dissertation examines how the use of  radically innovative S&T advances to 

develop the drug and the novelty of the drug affect the speed with which a new drug in 

developed. Applying radically innovative S&T advances and developing a novel drug is 

likely to increase the difficulty of the drug development project, and thereby, the time 

taken to complete the project. The number of drugs developed annually may have 

stagnated in recent years because firms are pursuing more technologically difficult 

projects that are taking longer to complete. The results of this research will contribute to a 

more precise understanding of the technological characteristics of the drug development 

project that increase the difficulty of the project and decrease productivity. Such insights 

may be used to inform government strategies for funding research that facilitates 

pharmaceutical innovation. 

 

2.  Government incentives for R&D 

 S&T advances may be patented when they have novel and non-obvious uses.
7, 8

 

Patents, which are issued by the US Patent and Trademark Office (USPTO), confer the 

exclusive right to make, use, and sell the patented technology. By patenting S&T 

advances that may be used to develop a drug early in the development process, a research 

institution or firm secures the exclusive opportunity to use the S&T advance to develop a 

drug or to license it to another firm for development. If the patent remains in force at the 

time of approval, the firm that owns the patent or has a license has the exclusive right to 

                                                 
7
 To be useful, a patent must have commercial or research applications.  

8
 Not all S&T advances may be patented. Laws of nature and natural phenomena may not be patented.  
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market the drug upon approval. In this manner, patent rights enable research entities and 

firms to earn returns to R&D investments.  

 The length of time for which a patent remains valid after a drug is approved does 

not always confer a sufficient period of market exclusivity to allow a firm to recoup the 

costs of developing the drug (Grabowski and Vernon 2000; Eisenberg 2007). 

Accordingly, firms “ever-green” market exclusivity through patent rights by obtaining 

new patents that claim variations of the drug's active ingredient, formulations, and 

alternative therapeutic uses. Such patents effectively block other firms from developing 

and marketing similar or generic forms of the drug. However, the “ever-green” patents 

may stifle innovation by impeding the development of drugs based on similar active 

ingredients with new uses or improved safety and efficacy (Eisenberg 2007).  

 Congress enacted The Drug Price Competition and Patent Term Restoration Act 

(1984) to provide firms a period of market exclusivity that is considered sufficient by the 

FDA for the firm to earn adequate returns to investments in clinical development. Such 

market exclusivity is granted by the FDA for the development of three types of highly 

innovative drugs: (1) drugs with an active ingredient that is based on a new molecular 

entity (NME); (2) drugs that fulfill an unmet medical need; and (3) drugs used to treat 

rare diseases (Schacht and Thomas 2000).
9 

The length of market exclusivity is calculated 

as half of the time spent on clinical development, plus the time spent on regulatory 

                                                 
9
 Drugs that are used to treat rare diseases that affect less than 10,000 people are referred to as orphan 

drugs. 



 

7 

 

review.
10

 
 
The current FDA market exclusivity policies are intended to create an incentive 

for firms to develop innovative new drugs that require extensive clinical trials to 

demonstrate the safety and efficacy of the drug in diverse patient populations. The market 

exclusivity incentives granted by the FDA alleviate the need for firms to apply for “ever- 

green” patents.  

 
There are policy debates regarding the effectiveness of patents and FDA-granted 

market exclusivity as incentives that allow firms to secure returns to R&D investments  

(Schacht and Thomas 2000; Eisenberg 2007; Grabowski 2004; Grabowski and Vernon 

2000). These discussions largely revolve on the cost of developing a drug, sales from a 

drug, and the resulting profits. Few have considered how the technological characteristics 

of the drug development projects, the use of components generated by other entities, and 

the firm's R&D capabilities affect the time taken to complete pre-clinical research and 

clinical development. Since the period of time for which a firm has the exclusive right to 

market a drug through a patent or FDA-granted market exclusivity is determined, in part, 

by the time taken to develop a drug, an understanding of the factors that affect the time 

taken to complete development could be used to assess the effectiveness of policies to 

incentive the development of new drugs. 

 In this dissertation, I examine how the technological characteristics of drug 

development projects, the use of components generated by other entities, and the R&D 

                                                 
10

 Additional periods of exclusivity may be granted when the firm performs additional clinical trials that 

generate new data on the safety and efficacy of the drug. Such trials may demonstrate that an 

alternative use is safe and effective, demonstrate the safety and efficacy of a new formulation, or 

demonstrate the safety of the drug in a new patient population (i.e. children). To qualify for exclusivity, 

the trial must generate new data that is the basis of a “new” application for approval.  
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capabilities of the innovating firm affect the efficiency of pre-clinical research and 

clinical development projects. If firms are applying more radically innovative S&T 

advances and developing novel drugs, they are likely to take longer to complete drug 

development activities. As a result, patents are likely to remain in force for shorter 

periods of time after FDA-approval and firms are likely to use FDA-granted market 

exclusivity to secure returns to R&D investments. The results of this research may be 

used to evaluate how FDA-granted market exclusivity could be used more effectively as 

an incentive to develop innovative drugs that are based on radical S&T advances.  

 

3. Technology transfer policies 

 Firms integrate S&T advances generated outside of the firm by research 

institutions and other firms to develop innovations that are likely to be more 

technologically important and commercially valuable than innovations that are based 

entirely on internally generated S&T advances (Katila and Ahuja 2002; Rosenkopf and 

Nerkar 2001).
11

 The technology transfer processes by which firms access patents 

generated by other firms or public research organizations requires firms to identify how a 

patented S&T advance could be used to develop a drug, to evaluate the feasibility of 

using that S&T advance to develop a drug, and to negotiate the financial and legal terms 

of the licensing agreement. This process is difficult, because firms must apply their core 

                                                 
11

 Some firms lack the resources and capabilities to perform pre-clinical research, but have robust clinical 

development capabilities. Instead of identifying and developing drug candidates through internal 

research, such firms develop drug candidates that were identified by others (Ceccagnoli et al. 2009). 



 

9 

 

knowledge to evaluate the feasibility of developing the drug, given their knowledge and 

capabilities (Fabrizio 2007; Rosenkopf and Nerkar 2001; Rothermael and Alexandre 

2009).  Firms often have to perform additional research to evaluate the feasibility of 

developing a drug based on the S&T advances based on S&T advances generated by 

other entities and to complete development. Accordingly, firms are likely to take longer 

to complete drug development projects that are based on externally generated S&T 

advances than to complete projects based on internally generated advances. The potential 

advantages and disadvantages of applying externally generated S&T advances are greater 

when the S&T advances are generated by government-funded research institutions, since 

firms are more likely to have to perform additional research to apply the radically 

innovative S&T advances (Fabrizio 2007). Thus, firms either pursue innovation projects 

that rely on internally generated S&T advances and generate a greater number of new 

drugs or pursue projects in which they integrate S&T advances generated by other 

entities and develop fewer new drugs. The first strategy is likely to result in the 

development of incrementally innovative drugs, whereas the second is likely to result in 

the development of radically innovative drugs with greater medical and social value.  

 The Bayh-Dole Act (1980) was designed to increase the use of S&T advances 

generated through publicly funded research, and by extension, to improve the impact of 

government funded research. This Act allows publicly-funded research entities to retain 
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the rights to their inventions and to patent and to license those inventions.
12, 13

 It provides 

a legal framework for technology transfer between publicly-funded research institutions 

and firms. As an incentive to patent and license the technologies, research entities are 

allowed to collect fees and royalties through licensing agreements. Previous research has 

found that the number of patented biomedical S&T advances generated by government-

funded research institutions increased since the implementation of the Bayh-Dole Act 

(Fabrizio 2007; Mowery and Ziedonis 2002). However, the rate at which patented 

biomedical S&T advances have been developed into new drugs has not increased. As a 

result, many question the effectiveness of the Bayh-Dole Act. However, policy 

discussions about the effectiveness of the Bayh-Dole Act and technology transfer 

processes have not considered how differences in the technological characteristics of the 

S&T advances generated by public research institutions and firms may affect the 

efficiency of the technology transfer process, and thereby, the productivity of innovation 

activities.  

 In this dissertation, I examine how the use of S&T advances generated by public 

research institutions and firms affects the speed with which a drug development project is 

completed, controlling for the technological characteristics of the drug development 

project and the innovating firm's R&D capabilities. Differences in the efficiency with 

which S&T advances generated by different types of entities are applied in innovation 

                                                 
12

 Government-funded research entities may include small firms that received research grants to 

commercialize a specific technological advance.  
13

 Prior to the implementation of the Bayh-Dole Act, inventions discovered through government-funded 

R&D were owned by the US government.  
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activities can be used to assess whether it is more difficult for firms to apply S&T 

advances generated by public research institutions than those generated by other firms. If 

a firm takes as long to complete a drug development project that is based on S&T 

advances generated by public research institutions as it does to complete a project based 

on S&T advances generated by other firms, than the Bayh-Dole Act may have been 

effective in improving the efficiency of technology transfer processes.  

 

4.   FDA regulatory requirements 

 In order to legally market a drug, a firm must demonstrate the safety and efficacy 

of a drug through a series of clinical trials, in accordance with requirements set forth by 

the FDA. Compliance with FDA regulations are a primary determinant of the time taken 

to develop a drug. There is an ongoing debate about whether the requirements are too 

arduous and restrict the availability of medically valuable drugs or whether the 

requirements are not sufficiently strict and allow the marketing of unsafe drugs. In 

general, these debates have not considered how the process for demonstrating the safety 

and efficacy of a drug vary according to the type of therapeutic developed. The FDA has 

been formulating regulatory requirements that reflect the underlying therapeutic 

characteristics of a drug. The impacts of regulatory policies that are intended to increase 

both the effectiveness and efficiency of the drug development process could be evaluated 

more precisely as the time taken to complete development, rather than the number of 

drugs developed.   
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 In this dissertation, I examine how the time taken to apply S&T advances and 

complete pre-clinical research and clinical development varies according to the types of 

therapeutics developed. Insights into the differences in the time taken to develop different 

types of therapeutics may be used to evaluate the effectiveness of regulatory policies that 

are intended to facilitate the development of different types of therapeutics. Moreover, 

knowledge about the differences in the time taken to complete each stage of drug 

development for different types of therapeutics may be used to create policies that 

alleviate bottlenecks in the development process for each type of therapeutic. Such 

policies may include additional funding for translational research to facilitate the 

application of S&T advances in drug development activities and market exclusivities that 

incentivize the development of specific types of drugs that may involve unusually 

difficult clinical trials.  

 The observed decline in productivity in the pharmaceutical industry is a concern 

to numerous entities in the public and private sectors, including government agencies that 

fund R&D, entities that perform government funded research, the FDA and other 

regulatory agencies, the US Patent and Trademark Office, and pharmaceutical firms. The 

results of this research contribute to the understanding of the underlying causes for the 

observed decline in productivity. Each group may use the insights about the factors that 

affect the time taken to complete drug development projects generated through this 

dissertation to evaluate the effectiveness of existing policies. These policy areas include 
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government support for biomedical research, government incentives for developing new 

drugs, technology transfer policies, and FDA regulatory requirements. 

 This dissertation is organized as follows. The next chapter describes the drug 

development process and reviews theories of organizational learning. The literature 

review identifies the technological and organizational factors that are likely to affect the 

speed with which early and late stage pharmaceutical innovation activities are completed. 

Chapter three presents the analytic models that I will use to test my hypotheses and the 

data set. The fourth, fifth and sixth chapters present models of the time taken to complete 

early-stage pre-clinical research, late-stage clinical development, and the entire 

development pipeline, respectively. In the seventh chapter, I compare the results of the 

three models and discuss the theoretical and policy implications of these results.  
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CHAPTER 2: RESEARCH CONTEXT AND THEORETICAL FRAMEWORK  

 

 In the pharmaceutical industry, scientific and technological (S&T) advances 

underpin opportunities for innovation. While the number of S&T advances embodied in 

pharmaceutical patents has steadily increased since the 1990s, the number of new drugs 

developed has remained constant (Cockburn 2004; Munos 2009; Reichert 2003). The 

observed stagnation has generally been interpreted as evidence of declining industry 

productivity (Cockburn 2004). However, observed decline may also be interpreted as 

evidence of the increasing technological difficulty of using fundamental scientific 

advances about disease processes to discover drug targets and identify drug compounds 

that affect the target to produce a therapeutic effect (Cockburn 2004). Although S&T 

advances underpin opportunities for innovation, a firm must perform extensive pre-

clinical research to elucidate the therapeutic characteristics of the drug. Evaluating the 

therapeutic characteristics of drugs based on new scientific advances may be more 

difficult if a firm does not have a complete understanding of the scientific basis of the 

drug candidate. Furthermore, when a firm does not have a complete understanding of the 

drug at the start of clinical development, a firm is more likely to encounter unanticipated 

therapeutic and adverse effects during clinical development that require additional trials 

to elucidate. If using S&T advances to develop a new drug is increasingly technologically 

difficult, then a firm is likely to take longer to develop a new drug. This dissertation 
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contributes to the debate about the apparent decline in productivity by examining the time 

taken to successfully complete drug development projects.  

  According to theories of science-intensive innovation, firms use S&T advances to 

identify opportunities for innovation (Katila and Ahuja 2002; Flemming and Sorenson 

2004). Empirical studies indicate that firms that integrate S&T advances in early-stage 

innovation activities generate more patents for drug components and have more products 

under development (Danzon, Nicholson, and Pereira 2005; George, Zahra, and Wood 

2002; Rothermael and Thursby 2006; Zucker, Darby, and Armstrong 2002). However, 

there is little empirical evidence indicating that the use of S&T advances in early-stage 

innovation activities increases the efficiency of early-stage research activities and 

subsequent late-stage development activities. The absence of such a link suggests that 

science-intensive drug development is a complex process in which an array of 

technological and organizational factors affect the time taken to complete early and late-

stage research and development (R&D) activities. 

 Firms use S&T advances to develop technologically important and commercially 

valuable innovations. Theories of organizational learning suggest that using S&T 

advances and components often increases the difficulty of the innovation activities 

(Flemming and Sorenson 2004). The difficulty of using S&T advances and components 

in innovation activities to develop a new product is a function of the manner in which the 

components build on existing knowledge, the extent to which the product is based on 

components generated by the innovating firm and other entities, and the innovating firm's 
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S&T capabilities (Kessler, Bierly, and Gopalakrishnan 2000; Rosenkopf and Nerkar 

2001; Arora et al. 2009). I apply theories of organizational learning to examine how 

technological and organizational factors affect the difficulty of early and late stage 

science-based innovation activities, and thereby the time taken to complete various 

innovation activities along a drug development pipeline.  

 A key contribution of this dissertation is a more precise understanding of the 

technological and organizational factors that affect the productivity of drug development 

activities, measured as the time taken to successfully complete drug development 

activities. If the observed rate at which firms transform S&T advances into a new drug is 

attributable to the difficulty of using S&T advances to develop a new drug, then firm 

R&D strategies and government innovation policies that involve increasing R&D 

investments are not likely to have the desired outcomes. The results of this research may 

be used to inform the development of innovation strategies and government policies that 

account for the complexity and difficulty of transforming S&T advances into new drugs.  

 This chapter is organized as follows. The next section describes the drug 

development process. I then review theories of technological innovation and 

organizational learning. In this literature review, I identify the technological and 

organizational factors that are likely to affect the speed with which early and late stage 

pharmaceutical innovation activities are completed. This review provides a framework 

for examining hypotheses about the factors that affect the time taken to complete 

pharmaceutical innovation activities. 
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Literature Review 

I. Science-based drug development  

 Drug development is a science-intensive process in which science and technology 

(S&T) advances are inputs to research and development (R&D) activities throughout 

development. In the first stage, drug discovery, scientists use fundamental scientific 

advances about disease processes to facilitate the discovery of drug compounds. In the 

second stage of pre-clinical research, firms apply fundamental advances to elucidate the 

therapeutic characteristics of the drug candidate. Firms use information about the 

therapeutic characteristics of the drug generated in pre-clinical research in the third stage, 

clinical development, to design protocols for clinical studies and evaluate the results. 

Finally, firms compile data from all R&D activities in a New Drug Application (NDA) 

for review and approval by the US Food and Drug Administration (FDA).  The drug 

development process is illustrated in Figure 1. I discuss each stage of the drug 

development process below and define how scientific advances generated through 

upstream research are used subsequently in each stage.  

 

1. Drug Discovery  

 Industry and government-funded scientists use an understanding of disease 

processes to identify drug targets, which are biological structures that can be manipulated 

by a drug to produce a desired therapeutic effect (Pisano 2006). Approximately 4,297 
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unique drug targets have been identified (Overington, Al-Lazikani and Hopkins 2006).
14

 

In pre-clinical research, industry scientists apply knowledge about disease processes and 

drug targets to identify drug candidates, which are compounds that result in a desired 

therapeutic effect. On average 5.3 drug targets per a year are exploited to develop new 

FDA-approved drug (Overington et al. 2006). Of the 4,297 targets identified through 

fundamental research, 324 have been used to identify FDA-approved drugs by the end of 

2006.
15  

The low rate at which firms have transformed drug targets generated through 

fundamental research into drug candidates and FDA-approved drugs may underpin the 

observed stagnation in industry productivity. 

 

2. Pre-clinical research  

 During pre-clinical research, industry scientists characterize the therapeutic effects 

and potential toxicity of a drug candidate. Pre-clinical research involves animal studies in 

which the drug candidate is administered at varying dosages. Scientists use the results of 

these studies to elucidate the therapeutic and toxic effects of the drug candidate and to 

establish its pharmacological profile. A drug candidate's pharmacological profile 

describes how the drug may be administered to maximize the therapeutic effects and 

minimize adverse effects. Firms compile preliminary data regarding the therapeutic and 

toxic effects in an Investigational New Drug Application (INDA) that must be approved 

by the FDA before beginning clinical trials. The INDA also includes detailed protocols 

                                                 
14

 Dug Bank <http://www.drugbank.ca/stats> accessed on July 21, 2011  
15

 The target has yet to be defined for 4% of approved drugs (Overington, et al. 2006). 

http://www.drugbank.ca/stats
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for clinical testing that are based on the therapeutic characteristics of the drug obtained 

through pre-clinical research. It takes approximately 52 months to complete pre-clinical 

development (DiMasi 2001).  

 The FDA receives an average of 127 INDAs annually (2003 - 2008) (Deloitte and 

Touche 2009).
16

 They review the therapeutic and toxicity data presented in the INDA to 

verify that the drug candidate is likely to be reasonably safe in humans and not cause 

undue harm during clinical testing (Pisano 2006). The FDA either grants permission for a 

firm to begin using the drug candidate in clinical trials or requires the firm to perform 

additional laboratory tests to further describe the therapeutic characteristics of the drug 

candidate.
17

 If the data do not indicate that the drug is likely to be sufficiently safe, the 

FDA may not approve the INDA and prohibit a firm from proceeding with clinical 

development. 

 

3. Clinical development 

Phase I 

 The primary objective of Phase I clinical trials is to determine the safety of the 

drug candidate in humans. These studies typically involve 20 - 80 healthy participants.
18

 

                                                 
16

 Available at <http://www.fda.gov/ForIndustry/UserFees/PrescriptionDrugUserFee/ucm164461.htm> 

accessed on July 20, 2011. 
17

 If there is not sufficient evidence that a drug candidate will be as safe and effective as existing drugs, 

then the FDA may reject the IND application. However, the FDA rarely rejects an IND application 

(Pisano 2006). 
18

 Patients may participate in Phase I trials if they have a terminal diagnosis and there are no alternative 

treatments. 

http://www.fda.gov/ForIndustry/UserFees/PrescriptionDrugUserFee/ucm164461.htm
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The drug is administered in increasing dosages to determine the pharmacokinetic 
19

 and 

pharmacodynamics 
20

 properties of a drug candidate and identify adverse side effects. 

They often adapt the Phase II clinical trial protocols presented in the INDA based on the 

results of Phase I studies. A firm may decide not to continue development if there is 

evidence of severe adverse effects or preliminary evidence that the drug will not be as 

effective as other drugs that have already been approved for a similar therapeutic use.
21

 In 

the early 1990s, approximately 31% of drug candidates failed Phase I trials for such 

reasons (DiMasi 2001). 

 

Phase II 

 The primary objective of Phase II clinical trials is to assess the therapeutic effects 

of the drug in individuals with the disease and identify adverse side-effects. Phase II trials 

are performed with small groups of 20 - 300 individuals with the disease. In Phase II 

trials, the drug is administered in increasing doses to determine the dose required to have 

a specific therapeutic effect. Firms may proceed with clinical development to Phase III if 

the drug candidate has the anticipated (or better) therapeutic effect and no (or few) 

adverse effects. However, a firm may discontinue development if the drug candidate does 

                                                 
19

 The pharmacokinetic properties of a drug candidate include the mechanisms by which the drug is 

absorbed and distributed throughout the body, the rate at which the drug action and effects begin, and 

the duration of the effect, and how the drug is excreted from the body.  
20

 The pharmacodynamic properties of a drug candidate are the desired and undesired biochemical and 

physiological effects of the drug on the body and the relationship between the concentration of the 

drug in the body and the effect.  
21

 The FDA may put a clinical hold on Phase I trials and prohibit the continuation of clinical testing for 

safety reasons. 
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not appear to be superior to existing therapies. In the early 1990s, approximately 59% of 

drug candidates that enter Phase II trials fail or are discontinued due to a lack of 

therapeutic effect or severe adverse effects (DiMasi 2001).  

 

Phase III 

 The primary objective of Phase III clinical trials is to further characterize the 

therapeutic effects and adverse side effects of the drug candidate. Phase III trials are 

performed in multiple medical centers and include large groups of several hundred 

individuals with the disease. These trials often involve comparisons with the best 

treatment currently available (referred to as the gold standard treatment). The results of 

the comparative analyses are used to evaluate the benefits and risks of the drug candidate 

relative to the use of the gold-standard, or no treatment. The results of Phase III trials are 

used by the FDA and the firm that developed the drug to determine how the drug may be 

labeled for use. In the early 1990s, approximately 21% of drug candidates that entered 

Phase III trials failed (DiMasi 2001).  

 

4. Regulatory Review and Approval  

 The firm that sponsored clinical development compiles data from pre-clinical 

animal toxicology studies and human clinical trials in a New Drug Application (NDA) for 

review by the FDA. The FDA validates and confirms the conclusions about the safety and 

efficacy of the drug based on the data provided. The review process includes re-
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evaluations of the clinical trials results in specific sub-populations and analyses of the 

statistical significance of the results. The FDA may request additional data or the 

completion of additional clinical or toxicology tests.
22

 Before a drug can be marketed, the 

FDA reviews and approves statements about the safety and efficacy of the drug on the 

marketing label. Each statement on the label is based on the results of pre-clinical and 

clinical data. In the late 2000s, the FDA took an average of 18.2 months to review and 

approve an NDA (DiMasi 2001; Deloitte and Touche 2009). 

 Recent studies on pharmaceutical R&D indicate that the number of drugs 

approved has remained constant despite increases in the productivity of early-stage 

research and the discovery of drug targets (Cockburn 2004; Grabowski 2004). This 

disjunction may be due to the technological difficulty of using scientific advances in 

innovation activities. In the next section, I discuss theories on organizational learning to 

frame hypotheses about organizational and technological factors that affect the 

productivity of drug development activities.  

 

II. Organizational learning in science-based innovation   

 Organizational learning is the creation, acquisition, and use of knowledge to 

achieve performance objectives (Lapre and Nembhard 2011). A learning organization 

processes information and changes its behavior in accordance with the new information. 

An organization's learning rate is the speed with which it creates and acquires new 

                                                 
22

 A company may submit such additional data and results as an NDA amendment. The FDA extends the 

length of time in which it is required to review an NDA.   
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information and adapts innovation activities based on the new information (Lapre and 

Nembhard 2011). In science-intensive industries, learning involves using fundamental 

scientific information to integrate S&T components to develop a new product. Firms use 

scientific knowledge to improve processes for identifying and evaluating technological 

opportunities for innovation. A science-intensive firm may modify its learning rate by 

developing the ability to use scientific advances and technological components 

effectively and efficiently in market-oriented innovation activities. Accordingly, a firm's 

learning rate determines the time it takes to develop a new product.  

 In this literature review, I describe the theory of organizational learning within the 

context of science-based innovation and discuss empirical research on factors that affect a 

firm's ability to learn and use scientific knowledge and technological components in 

innovation activities. Since the productivity of science-based innovation activities is a 

function of a firm's learning abilities, the factors that affect a firm's ability to learn and 

use S&T advances are likely to affect the productivity of innovation activities. This 

review provides a framework for formulating hypotheses regarding the extent to which 

technological and organizational factors affect the productivity and the time taken to 

complete early-stage research and late-stage development activities along an innovation 

pipeline.  
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A. Learning Processes  

 In science-intensive industries, organizational learning involves the creation and 

utilization of S&T knowledge to develop innovative products (Cohen and Levinthal 

1990; Flemming and Sorenson 2004). Learning is a search process in which firms 

identify and develop innovations by integrating S&T components (Flemming and 

Sorenson 2004).
23

 In a science-based search strategy, firms use scientific information 

about the components to identify components that are likely to have specific properties or 

perform desired functions and to avoid using components that lack the desired properties 

or have properties that may adversely affect the function of the product. Conversely, 

firms may also pursue local search strategies in which they apply knowledge gained 

through experience in previous R&D activities to identify opportunities for innovation. 

Such a strategy is likely to be less effective for using new S&T components to develop an 

innovation (Katila and Ahuja 2002; Flemming and Sorenson 2004). Thus, learning that 

involves a science-based search strategy is a more effective and efficient process for 

identifying opportunities for innovation than local search processes. 

 

B. Learning Capabilities  

 In science-intensive industries, firms develop learning capabilities that enable 

them to generate and use S&T components effectively and efficiently (Teece, Pisano, and 

Shuen 1997). Learning capabilities are largely defined by a firm's core knowledge (also 

                                                 
23

 I define an S&T component as a scientific advance or new technology that may be used to develop a 

new product. S&T components are often embodied in patents, but may also be described in scientific 

publications.  
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referred to as its knowledge base). Core knowledge consists of scientific knowledge 

developed through research and expertise amassed through experience with previous 

innovation activities. A firm's core knowledge serves as a context for evaluating the 

utility of S&T components generated through internal research and research performed 

by others in a science-based search and learning process (Cohen and Levinthal 1990; 

Cockburn, Henderson, and Stern 2000). Thus, a firm's learning capabilities, which are 

primarily defined by its knowledge base, enable the firm to more effectively exploit S&T 

components in innovation activities.  

 There are three important characteristics of the firm's knowledge base: (1) depth; 

(2) breadth; and (3) coherence (Katila and Ahuja 2002; Nesta and Saviotti 2005). The 

depth of a knowledge base refers to the firm's expertise within a S&T domain. A firm 

develops deep knowledge by focusing research efforts within a S&T domain, over an 

extended period of time. The breadth of a knowledge base refers to the range of S&T 

domains in which the firm has knowledge and capabilities (Nesta and Saviotti 2005). By 

performing research that builds on S&T advances from multiple domains, a firm 

increases the breadth of its knowledge base. A firm may also increase the breadth of its 

knowledge base by performing innovation activities to develop technologically different 

types of innovations, with different commercial applications. The coherence of a 

knowledge base refers to the extent to which elements of the firm's knowledge and 

capabilities are used as complements in innovation activities (Helfat and Raubitschek 

2000; Santos 2003; Nesta and Saviotti 2005). Complementary knowledge components 
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are used as inputs into the same functional capability to produce an output or fulfill a 

performance objective. A firm creates a coherent knowledge base by strategically 

diversifying research efforts across related S&T domains. New R&D projects that 

generate scientific knowledge that can be used in other ongoing projects increase the 

coherence of the knowledge base, while new projects that generate knowledge that can 

only be used in similar projects decreases the coherence of the knowledge base. Below, I 

discuss how each aspect of a firm's knowledge base affects the productivity of its 

innovation activities.  

 The depth of a firm's knowledge base is defined by its expertise. Firms leverage 

deep knowledge to identify opportunities for innovation within a S&T domain (Sorensen 

and Stuart 2000; Katila and Ahuja 2002; Santos 2003; Flemming and Sorenson 2004). 

Deep knowledge also enables firms to solve problems during development efficiently. 

However, deep knowledge may adversely affect productivity as knowledge obsolesces in 

dynamic technological environments (Sorensen and Stuart 2000). The advantages and 

liabilities of a deep knowledge base have been observed empirically as a curvilinear 

relationship between the depth of a firm's knowledge and the productivity of late-stage 

innovation activities, measured as the number of patents issued and new products 

developed by the firm (Sorensen and Stuart 2000; Katila and Ahuja 2002).
24

 Productivity 

increases as the depth of the firm's knowledge base increases, up to a point. The increase 

in productivity is attributed to the effectiveness with which firms with deep knowledge 

                                                 
24

 The depth of a firm's knowledge base was measured as the number of times that a patent was cited as 

prior art by all of the firm's patents (Katila and Ahuja 2000).  
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are able to identify opportunities within an S&T domain. However, the gains in the 

productivity from increasingly deep knowledge diminish, and after a point, increasingly 

deep knowledge is associated with decreased productivity. Firms with deep knowledge 

become less effective at exploiting S&T advances within and across domains as their 

knowledge obsolesces and becomes less useful for evaluating opportunities for 

innovation. Although deep knowledge facilitates learning within an S&T domain and 

increases the productivity of innovation activities within that domain, deep knowledge is 

likely to be of limited value in using S&T components from other domains or nascent 

scientific advances that do not build directly on the firm's expertise (Katila and Ahuja 

2002). 

  The breadth of a knowledge base is defined by the range and diversity of S&T 

domains in which the firm has expertise and thereby determines the scope of S&T 

components that a firm is able to use in innovation activities (Nesta and Saviotti 2005). A 

broad knowledge base facilitates the use of a diverse range of S&T components in 

innovation activities. In early stage research, a broad knowledge base provides a robust 

framework for evaluating how an array of S&T components from different S&T domains 

could be used in innovation activities. Nesta and Saviotti found that firms with broad 

knowledge bases generated technologically more important patents (2005).
25 

 In late-

stage development activities, firms with broader knowledge bases are better able to 

                                                 
25

 The technological importance of a patent was measured as the number of citations a patent received as 

prior art from subsequent patents (herein referred to as forward citations) (Nesta and Saviotti 2005). 

The breadth of a firm's knowledge based was measured using a diversity index based on the 

distribution of the firm's patents across USPTO technology categories.  
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develop products based on S&T components from across technological domains 

effectively and efficiently. Katila and Ahuja found that the firms with broad knowledge 

stocks generate more new products than firms with narrow knowledge stocks (2002).
26

 

Thus, the ability to generate important products is attributed to a firm's ability to use its 

broad knowledge to identify and use components from different S&T domains 

effectively.  

 The coherence of a firm's knowledge base refers to the technological relatedness 

of the knowledge components and the degree to which knowledge from different S&T 

domains is used as complements in innovation activities (Helfat 1997; Nesta and Saviotti 

2005). Complementary knowledge and capabilities increase the productivity of 

innovation activities by simultaneously facilitating the identification and evaluation of 

innovation opportunities that integrate S&T components from related technological 

domains (Helfat 1997). Previous research has found that firms generate technologically 

more important patents when they have a more coherently diversified knowledge base 

(Nesta and Saviotti 2005).
27

 The superior productivity of firms with a coherent 

knowledge base is due to the effectiveness with which they identify opportunities for 

innovation associated with S&T advances from multiple technological domains. These 

results suggest that firms leverage coherently diversified knowledge bases to effectively 

                                                 
26

 The breadth of a firm's knowledge based was measured as the technological diversity of the patents 

cited as prior art averaged across all patents assigned to the firm (Katila and Ahuja 2002). 
27

 The coherence of the firm's knowledge base was measured as the frequency with which patents from 

different USPTO technology classes have been cited by the same patent as prior art (Nesta and Saviotti 

2005).   
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and efficiently pursue technologically novel and commercially important opportunities 

for innovation.  

 Firms adapt the breadth, depth and coherence of their knowledge bases as the 

S&T environment evolves (Helfat and Peteraf 2003; Nesta and Saviotti 2005; Ramani, 

El-Aroui, Carrere 2008). In dynamic environments characterized by frequent 

transformative discoveries, the breadth of the knowledge base is more important, because 

diverse knowledge and capabilities enable firms to capitalize on emerging opportunities 

to innovate (Santos 2003; Nesta and Saviotti 2005). Firms with narrow knowledge bases 

are less likely to have the core knowledge needed to integrate new S&T components. As 

a result, such firms are likely to be less innovative in dynamic technological 

environments (Sorensen and Stuart 2000; Nesta and Saviotti 2005). Furthermore, deep 

knowledge has been associated with lower productivity in dynamic environments because 

scientific knowledge obsolesces quickly in dynamic environments (Sorensen and Stuart 

2000; Nesta and Saviotti 2005). Thus, a firm's ability to innovate in dynamic science-

intensive industries is determined, in part, by the depth, breadth, and coherence of its core 

knowledge base.  

 

II. Productivity of Science-based Innovation  

 In science-intensive industries, a firm's productivity is determined, in part, by the 

ease with which it is able to use S&T components in innovation activities, which is, in 

turn, largely determined by its learning capabilities (Rosenkopf and Nerkar 2001; Katila 
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and Ahuja 2002; Fabrizio 2009; Lapre and Nembhard 2011).  Thus, a firm's productivity 

is determined by its learning capabilities. Theories of organizational learning suggest four 

sets of technological and organizational factors that are likely to affect a firm's ability to 

integrate S&T components to develop a new product: (1) the number of  S&T 

components used to develop the drug; (2) the extent to which the S&T components used 

build on existing S&T knowledge; (3) the use of S&T components generated through 

research performed by the innovating firm (herein referred to as internally generated) and 

research performed by other entities (herein referred to as externally generated) in 

innovation activities; and (4) the firm's scientific knowledge and technological 

capabilities. I discuss the theoretical implications of how each is likely to affect the 

productivity of innovation activities, in terms of the number of outputs produced and the 

speed with which innovation activities are completed.    

 

1. Number of S&T components used 

In science-based innovation, firms innovate by integrating S&T components in 

novel combinations (Flemming and Sorenson 2004; Fabrizio 2009). They apply 

fundamental scientific information about the characteristics of components to anticipate 

how components will interact and the resulting properties and function of the product. By 

integrating novel combinations of components, firms can develop products with unique 

properties and functions and important commercial applications. Many studies have 

found that patented innovations that integrate multiple components are technologically 
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more important than innovations that are based on fewer components (Rosenkopf and 

Nerkar 2001; Nagaoka 2007; Rothermael and Alexandre 2009).
28

 Innovations that are 

based on fewer components are likely to be marginal improvements of existing products 

with little added commercial value. Firms typically earn greater profits and returns from 

developing complex major innovations than simpler incremental ones. 

Integrating multiple S&T components is technologically difficult (Katila and 

Ahuja 2002). When components interact, properties are often observed that were not 

anticipated based on scientific knowledge about the components (Flemming and 

Sorenson 2004). The likelihood of observing unanticipated effects increases as the 

number of S&T components incorporated into the products increases. These 

unanticipated properties are likely to increase the difficulty of the innovation project and 

may even render the project unfeasible. Firms are likely to develop fewer complex 

products that integrate multiple components, because of the difficulty. Alternatively, firms 

may perform additional research to examine the interactions between components and 

elucidate the unanticipated properties and functions. Firms may be willing to pursue such 

complex and technologically challenging innovation projects because of the potential 

market payoffs, but they are likely to take longer to complete such innovation activities. 

 

2. Extent to which the S&T components build on existing S&T knowledge  

                                                 
28

 The use of S&T advances is measured as the number of citations to prior art patents by patents 

assigned to the firm.  
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S&T components differ in the extent to which they build on existing scientific 

knowledge. Incrementally innovative S&T components build extensively on existing 

knowledge and thereby constitute refinements and extensions of existing technologies. 

Radically innovative S&T components apply fundamentally new advances that build 

narrowly on existing knowledge. Because radical innovations have novel properties and 

functions with important commercial applications, radically innovative S&T components 

underpin technologically more important and commercially more valuable innovations 

than incrementally innovative components. Firms pursue innovation projects that 

incorporate radically innovative S&T components to develop radical innovations that are 

likely to generate greater profits and returns.  

Firms apply the core scientific knowledge that they developed through research 

and experience in previous innovation activities to S&T components. Incrementally 

innovative S&T components are likely to build more on knowledge within a firm's 

knowledge base than radically innovative components. As a result, it is generally easier to 

integrate incrementally innovative components into innovation activities than radically 

innovative ones (Cohen and Levinthal 1990; Katila and Ahuja 2002). Because the 

scientific underpinnings of radically innovative components are not as well understood as 

the scientific underpinnings of incrementally innovative components, firms are not able 

to use their core scientific knowledge as effectively to evaluate the utility of radically 

innovative components than incrementally innovative ones (Flemming and Sorenson 

2004; Fabrizio 2009; Chen, Damanpour and Reilly 2010). Previous research has found 
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that firms develop fewer products when they use radically innovative components that 

build less extensively on existing scientific knowledge than when they use incrementally 

innovative components that build broadly on existing knowledge (Katila and Ahuja 

2002). These results suggest that it is technologically more difficult to use radically 

innovative S&T components. 

When a firm uses a radically innovative S&T component, it is likely to have a less 

thorough understanding of the component's properties. As a result, a firm is more likely to 

observe unforeseen properties and encounter problems during development that increase 

the difficulty of an innovation project (Kessler and Chakrabarti 1996; Flemming and 

Sorenson 2004; Nerkar and Shane 2007; Chen et al. 2010). The difficulty of developing a 

radical innovation has been observed as a curvilinear relationship between the age and 

newness of an innovation and the likelihood that the innovation is commercialized 

(Nerkar and Shane 2007). Newer innovations were less likely to be commercialized, but 

as the innovation and its components matured, the likelihood of commercialization 

increased. The observed relationship reflects the firm's growing knowledge about the 

components over time. There is less scientific understanding about the properties and 

functions of new innovations that incorporate radically innovative components. As an 

innovation and its components mature, firms acquire knowledge about the properties and 

functions of the components that facilitates late-stage development and 

commercialization activities. These results indicate that developing innovations based on 

radical innovations is more difficult than developing incremental ones. Firms are likely to 
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develop fewer products when they pursue projects that use radically innovative 

components to develop the product.  

Firms are likely to perform additional research to elucidate the unforeseen 

properties of radically innovative components and to resolve the resulting technical 

problems when using such components to develop a new product (Kessler and 

Chakrabarti 1996; Flemming and Sorenson 2004; Nerkar and Shane 2007; Chen et al. 

2010). Previous research indicates that the time taken to incorporate S&T components 

into early-stage research activities, measured as the time elapsed from the date on which 

prior art patents were issued to the date on which the focal patent application was filed, 

decreases when the S&T components build extensively on existing S&T knowledge 

(Bierly and Chakrabarti 1996; Bierly, Damanpour and Santoro et al. 2009). Firms take 

less time to use incrementally innovative components to develop a new product than to 

use radically innovative components. Because the extent to which an S&T component 

build on existing knowledge determines, in part, the ease with which it is used in 

innovation activities, the time taken to complete an innovation activity is also partly 

determined by the extent to which the S&T components build on existing knowledge.  

 

3.  Use of S&T components generated through internal research and by other entities  

Firms tend to innovate across a set of related S&T domains in which they are able 

to use their core knowledge to identify and capitalize on opportunities to innovate. 

However, innovation projects that incorporate S&T components from closely related 
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S&T domains are likely to yield incrementally innovative products. In dynamic 

technological environments, firms, universities, non-profit research institutions, and 

government laboratories generate technologically important S&T components in 

emerging and established S&T domains (Cohen and Levinthal 1990; Rosenkopf and 

Nerkar 2001; Zucker, Darby and Armstrong 2002; Owen-Smith and Powell 2004). By 

integrating components generated by other entities, firms can develop products with 

novel properties and functions with greater commercial value. Previous research 

indicates that firms generate technologically more important patents when they integrate 

S&T advances generated by other entities in early-stage innovation activities, than when 

they predominantly use advances that they generated through internal research 

(Rosenkopf and Nerkar 2001; Rothermael and Alexandre 2009). These results indicate 

that firms develop more radically innovative and commercially valuable products when 

they incorporate S&T components generated by other entities.  

S&T components generated by other entities are likely to build less extensively on 

scientific knowledge that is part of a firm's core knowledge than components that the firm 

generated itself (Cohen and Levinthal 1990; Fabrizio 2009). Firms are less likely to be 

able to use core knowledge to evaluate the characteristics of the externally generated 

component and are likely to have a less thorough understanding of the properties and 

function of S&T components generated by other entities than components that were 

generated through internal research (Katila and Ahuja 2002; Zucker et al. 2002; 

Rothermael and Alexandre 2009). Firms are more likely to observe unanticipated 
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properties and function when using components generated by other entities than when 

firms use components generated internally. It is more difficult for firms to incorporate 

S&T components generated by other entities into innovation activities. Consequently, 

firms are likely to generate fewer products, when they rely predominantly on externally 

components to generate new products. Firms may perform additional research to fully 

elucidate the properties of components generated by other entities and to use them 

effectively in innovation activities. Kessler and colleagues found that firms take longer to 

develop a product when they use S&T components generated by other entities (2000). 

These results indicate that incorporating externally generated S&T components is more 

difficult than incorporating internally generated ones and, therefore, innovation activities 

are likely to take longer to complete when externally generated components are used than 

when internally generated ones are used.  

The S&T components generated by academic research institutions and firms are 

qualitatively different components that underpin different types of opportunities for 

innovation and present different challenges when incorporating them into innovation 

activities (Zucker, Darby et al. 2002; Owen-Smith and Powell 2003; Owen-Smith and 

Powell 2004; Fabrizio 2009).  Firms and academic research institutions perform different 

types of research that build on different types of S&T knowledge to generate qualitatively 

different S&T components (Dasgupta and David 1994; Murray 2002; Owen-Smith and 

Powell 2004; Sapsalis, Potterie and Navon 2006). Academic scientists apply fundamental 

scientific concepts in research to generate radical scientific discoveries about natural 
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phenomena and processes. Industry scientists perform applied research, in which they 

transform mature scientific advances into technological advances related to specific 

commercial applications. The differences in the types of research performed by academic 

research institutions and firms are reflected in the types of prior art cited in patents issued 

to each (Sapsalis et al. 2006). Academic scientists cite more scientific publications than 

patents as prior art, and when they do cite patents as prior art, they tend to cite patents 

issued to academic research institutions. Conversely, industry scientists cite patents as 

prior art more frequently than they cite scientific publications. The observed differences 

in citation patterns suggest that firms generate incrementally innovative S&T components 

within the current industrial technology paradigm, while academic research institutions 

apply fundamental S&T knowledge to generate radically innovative S&T components. 

Accordingly, firms encounter different technological challenges when using S&T 

advances generated by academic research institutions and firms.  

The use of S&T components generated by academic research institutions and 

other firms affect the productivity of innovation activities differently, because they are 

qualitatively different components. Since academic research institutions tend to generate 

radically innovative S&T components and the use of such components increases the 

technological importance of an innovation, firms are likely to develop technologically 

more important, with important commercial applications when they integrate components 

generated by academic institutions than when they integrate components generated by 

other firms (Sapsalis et al. 2006). Previous research on the development of innovative 
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products in the pharmaceutical industry found that firms used components generated by 

academic research institutions more frequently than they used components generated by 

other firms to develop novel drugs based on new molecular entities (NMEs) (Sternitzke 

2010).
29

 Because S&T components generated by academic research institutions are based 

on S&T advances from outside of the industry's technological paradigm, firms develop 

more radically innovative products when they use S&T components generated by 

academic research institutions. 

Because components generated by academic research institutions build on 

scientific knowledge that is less closely related to the firm's core knowledge than 

components generated by other firms, a firm is not likely to be able to assess the potential 

utility of developing a product based on a component generated by an academic research 

institution as effectively as it is able to assess one generated by another firm. As a result, 

a firm is more likely to observe unanticipated properties when it incorporates components 

generated by academic institutions than when it incorporates ones generated by other 

firms. As a result, a firm is likely to perform additional research to examine those 

properties of the component when the component was generated by academic research 

institutions than when it was generated by another firm. Previous studies have found that 

firms take longer to integrate S&T components generated by academic research 

institutions into early-stage innovation activities than those generated by other firms 
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 A new molecular entity (NME) is an active ingredient that has been developed into another drug 

approved by the US Food and Drug Administration.  
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(Fabrizio 2007).
30

 These results suggest that incorporating S&T components generated by 

academic research institutions is more difficult than incorporating components generated 

by other firms. Although firms develop technologically and commercially more 

important innovations when they incorporate S&T components generated by academic 

research institutions, doing so is more difficult technologically and is likely to take 

longer.  

  

4. Firm's scientific knowledge and technological capabilities  

 The effectiveness and efficiency with which a firm uses S&T components in 

innovation activities is moderated by the firm's core scientific knowledge (Cohen and 

Levinthal 1990; Bierly and Chakrabarti 1996; Fabrizio 2009). Firms use core scientific 

knowledge to evaluate the likelihood that it may be used successfully in innovation 

activities (Santos 2003; Nesta and Saviotti 2005; Fabrizio 2009; Rothermael and 

Alexandre 2009). There is abundant evidence that firms that invest more in research, over 

extended periods of time, develop technologically more important patented S&T 

components than firms that have performed less research (Cockburn and Henderson 

1998; Zucker et al. 2002; Arora et al. 2009). When a firm is able to use its core 

knowledge to identify useful S&T components, it is less likely to observe unanticipated 

properties that adversely affect the likelihood that an innovation activity is completed. 

Firms with deeper core knowledge are less likely to have to perform additional research 

                                                 
30

 The time taken to integrate S&T advances into early-stage research is measured as the backward 

citation lag, which the time elapsed from the date on which the cited prior art patent was issued to the 

date on which it was cited in the focal patent application.  
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to effectively integrate components since they are less likely to observe unanticipated 

properties. Previous studies indicate that firms with greater knowledge bases, measured 

as R&D investments, take less time to integrate S&T components into early-stage 

innovation activities than firms with smaller knowledge bases (Fabrizio 2009).
31

 As a 

consequence, firms that have performed more research and have amassed deeper and 

broader knowledge are able to complete innovation activities more efficiently than firms 

that have performed less research and developed shallower and narrower core knowledge. 

 Firms use knowledge amassed through previous innovation activities to select 

innovation projects that it will likely complete and result in a commercially valuable 

product (Chandy, Hopstaken, Narasimhan and Prabhu 2006; Arora et al. 2009). Through 

previous successful innovation activities, firms learn about the properties of S&T 

components that are readily integrated to develop a product. Firms use knowledge gained 

through successful activities to refine local search strategies in which the firm use 

components with similar properties to develop related products (Flemming and Sorenson 

2004). In unsuccessful activities, firms learn about the properties of components that 

increase the difficulty with which a component can be used to develop a product. Firms 

may use knowledge gained through unsuccessful innovation activities to avoid 

unpromising innovation projects involving less useful components. Arora and colleagues 

found that older pharmaceutical firms apply different quality thresholds for selecting drug 

                                                 
31

 The speed with which a firm integrates new S&T advances into early-stage R&D is measured as the 

backward citation lag, averaged across all patents issued to the firm (Fabrizio 2009). The citation lag is 

the time elapsed from the date on which the cited prior art patent was issued to the date on which the 

focal patent was filed.  
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compounds for development than younger firms and as a result older firms are more 

likely to complete late-stage drug development activities (2009). Furthermore, firms that 

leverage their experience to select technologically feasible projects are less likely to 

encounter problems during development that require additional research to resolve. 

Chandy and colleagues found that firms with greater experience, measured as the number 

of patents assigned to the firm and the number of products developed, take less time to 

complete late stage innovation activities (2006). These results suggest that firms develop 

knowledge through previous innovation activities that enables them to complete drug 

development activities effectively and efficiently.  
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IV. Time taken to complete pre-clinical research and clinical development  

 The drug development process is comprised of two stages: (1) pre-clinical 

research, which involves laboratory studies to identify and evaluate drug candidates, and 

(2) clinical development, which consists of a series of studies to define the therapeutic 

characteristics of the drug in humans (refer to section I for a description of the drug 

development process). The outputs of pre-clinical research are often measured as the 

number of patents issued for drug components and the number of Investigational New 

Drug Applications (INDAs) submitted to the FDA (Dranov and Meltzer 1994; Gittelman 

and Kogut 2003; Nesta and Saviotti 2005; Arora et al. 2009).
32

 The outputs of clinical 

development are typically measured as the completion of a clinical trial and the approval 

of a drug by the FDA. Thus, pre-clinical research and clinical development are distinct 

activities, in which firms apply different scientific knowledge and technological 

capabilities to transform S&T components into drug candidates and approved drugs.  

 Although firms apply knowledge about drug components to complete innovation 

activities throughout the drug development process, the ease with which firms use 

knowledge to complete innovation activities is likely to vary according to how the 

knowledge is used and the types of activities performed. In the previous section, I 

discussed how four technological and organizational factors affect the ease with which 

                                                 
32

 An Investigational New Drug Application (INDA) consists of data from laboratory and animal studies 

on the therapeutic effects and potential adverse effects of a drug candidate. A firm must submit an 

INDA for a drug candidate to the FDA before the firm can begin clinical trials with the drug candidate. 

The FDA reviews the application to determine that clinical trials would not cause undue harm to 

participants. 
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firms apply knowledge to integrate S&T components and develop a new drug: (1) the 

number of S&T components used; (2) the extent to which the S&T components build on 

existing S&T knowledge; (3) the use of internally and externally generated S&T 

components; and (4) the firm's scientific knowledge and technological capabilities. In this 

section, I compare how each factor is likely to affect the ease with which scientific 

knowledge is used in each activity, and thereby, the time taken to complete pre-clinical 

research and clinical development. I also discuss how the time taken to complete pre-

clinical research may affect the time taken to complete clinical development.  

 

1. Number of S&T components used 

Although firms integrate multiple components to develop novel socially and 

commercially valuable drugs, integrating multiple components increases the difficulty of 

early-stage pre-clinical research activities (Bierly and Chakrabarti 1996; Flemming and 

Sorenson 2004; Chen et al. 2010). In order to successfully integrate multiple S&T 

components to develop a drug candidate and elucidate its therapeutic characteristics, 

firms need extensive knowledge about each component and how the components interact 

(Flemming and Sorenson 2004). A firm is likely to perform more additional research to 

fully elucidate the therapeutic characteristics of complex drug candidates that integrate 

multiple components than simpler ones with fewer components. As a result, it is likely to 

take longer to complete pre-clinical research when a firm integrates a greater number of 
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components to develop a complex drug candidate than when integrating fewer 

components to develop a simpler one. 

Firms select drug candidates for clinical development based on the therapeutic 

characteristics of the drug observed in pre-clinical research (Chandy et al. 2006; Arora et 

al. 2009). Firms pursue clinical development with a drug candidate when the firm has a 

requisite understanding of the therapeutic characteristics of the drug candidate. The 

criteria used to select a drug candidate for clinical development are not a function of the 

number of S&T components integrated to develop the drug. The uncertainties about the 

therapeutic characteristics of complex multi-component drug candidates are likely to be 

resolved during pre-clinical research, before beginning clinical development. 

Accordingly, the number of S&T components integrated to develop a drug candidate is 

not likely to affect the time taken to complete clinical development.  

 

2. The extent to which the S&T components build on existing scientific knowledge  

  The productivity of early-stage research pre-clinical research is determined, in 

part, by the extent to which the S&T components used build on existing scientific 

knowledge (Nerkar 2003; Nagaoka 2007). Because a firm uses core knowledge to 

evaluate the therapeutic characteristics of drug components and the feasibility with which 

they can be integrated to develop a new drug, a firm is better able to evaluate drug 

candidates that are based on incrementally innovative components that build extensively 

on existing knowledge than radically innovative ones that do not build broadly on 
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existing knowledge (Katila and Ahuja 2002; Flemming and Sorenson 2004).
 
Firms are 

likely to encounter more technological problems in pre-clinical research that require 

additional research to resolve when evaluating drug candidates based on radically 

innovative components than incrementally innovative ones. As a result, firms are likely to 

take longer to complete pre-clinical research when the drug candidate is based on 

radically innovative S&T components than when it is based on incrementally innovative 

ones (Bierly and Chakrabarti 1996; Nerkar 2003). While the use of radical S&T 

components enables the development of technologically important and commercially 

valuable drugs, the use of radical components is also likely to increase the time taken to 

complete pre-clinical research. 

 Although firms apply fundamental scientific knowledge about diseases processes 

and drug targets to elucidate therapeutic effects of a drug in pre-clinical research, firms 

are not likely to use the same fundamental knowledge in clinical development (Dranov 

and Meltzer 1994; Cockburn et al. 2000; Nerkar 2003; Arora et al. 2009). Accordingly, 

the technological difficulties of developing a drug based on radically innovative 

component that are likely to be observed in pre-clinical research, are not likely to affect 

the ease or difficulty of clinical development. The radical or incremental nature of a S&T 

component of a drug, defined as the extent to which it builds on existing scientific 

knowledge, is not likely to affect the time taken to complete clinical development. 
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3. The use of internally and externally generated S&T components 

 The productivity of pre-clinical research is also likely to be affected by the extent 

to which the firm integrates components generated by other firms and by academic 

research institutions to develop a drug (Bierly and Chakrabarti 1996; Nagaoka 2007). 

Firms are better able to use core knowledge to accurately evaluate the therapeutic 

characteristics internally generated components than externally generated components, 

because internally generated components build more directly on the firm's core 

knowledge than externally generated ones (Katila and Ahuja 2002; Ceccagnoli, Graham, 

Higgins and Lee 2009). A firm is not able to use core knowledge as effectively to 

evaluate the utility of externally generated components, because externally generated 

components do not build directly on the firm's core knowledge. As a result, a firm is more 

likely to observe unforeseen technological problems when developing a drug candidate 

that integrates more externally generated components than internally generated 

components than vice-versa. To resolve such unforeseen technological problems, firms 

typically perform additional pre-clinical research. As a result, firms are likely to take 

longer to complete early-stage pre-clinical research when they use more externally 

generated components than internally generated components to develop a drug.  

 It may be more difficult for a firm to precisely evaluate drug candidates based on 

S&T components generated by other entities than ones generated through internal 

research, during pre-clinical research (Arora et al. 2009; Ceccagnoli et al. 2009). A firm is 

likely to have incomplete and imperfect information about the therapeutic characteristics 
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of drug candidates that are based on externally generated components and therefore may 

not be able to evaluate accurately the quality of a drug candidate based on externally 

generated components before beginning clinical development. If a firm is not able to 

accurately evaluate the quality of a drug candidate that is based on externally generated 

components, it is likely to encounter problems during clinical development that require 

additional studies. Accordingly, a firm is likely to take longer to complete clinical 

development when externally generated components are integrated to develop a drug, 

during pre-clinical research. However, if a firm is able to evaluate the quality of a drug 

based on externally generated S&T components as well as it is able to evaluate a drug 

candidate based on internally generated components, then the length of time taken to 

complete clinical development is likely to be independent of the extent to which the drug 

is based on externally or internally generated components. 

 

4.  Firm's scientific knowledge and technological capabilities 

 A firm's ability to identify and characterize the therapeutic effects of a drug 

candidate in pre-clinical research is determined, in part, by the scientific and technical 

expertise that it amassed through previous early-stage research activities (Henderson and 

Cockburn 1994; Katila and Ahuja 2002; Chandy et al. 2006). A firm applies such 

expertise to evaluate the potential use of a component to develop a new drug. 

Accordingly, a firm with greater expertise is less likely to have unforeseen technological 

problems during pre-clinical research that require additional research. Previous research 
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has found that firms with greater scientific expertise, measured as the number of patents 

issued to the firm, take less time to integrate S&T components into early-stage research 

activities to develop a new product (Bierly and Chakrabarti 1996).
33

 Accordingly, a firm 

that develops expertise by performing extensive early-stage research is likely to use S&T 

components more effectively and efficiently and thereby take less time to complete pre-

clinical research than a firm that has less experience in early-stage research. 

  Scientific expertise acquired through pre-clinical research is not directly relevant 

to clinical development activities (Nerkar 2003). Clinical trials are designed to fulfill 

FDA approval requirements, which are independent of the scientific underpinnings of a 

drug candidate. Knowledge amassed by a firm through early-stage research activities is 

not likely to facilitate clinical development. Chandy and colleagues found that firms with 

greater expertise, measured as the number of patents issued to the firm, did not take less 

time to complete late-stage drug development activities (2006). Since scientific expertise 

does not enable a firm to perform clinical development activities more effectively or 

efficiently, a firm with greater scientific expertise is likely to take the same amount of 

time to complete clinical development as a firm with less scientific expertise.  

 A firm develops knowledge and capabilities through previous clinical 

development activities that enables it to evaluate the therapeutic effects of a drug 

candidate more precisely (Kessler and Chakrabarti 1996; Arora et al. 2009). Previous 

research has found that the probability that a drug is successfully developed is positively 

                                                 
33

 The time taken to use S&T advances to generate a new component was measured as the median age of 

the patents cited as prior art by the focal patent (Bierly and Chakrabarti 1996).  
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associated with the firm's drug development experience (Danzon et al. 2005; Arora et al. 

2009). These results suggest that expertise amassed through clinical development enables 

a firm to select quality drug candidates for further development. However, there is no 

evidence that such expertise increases the efficiency of pre-clinical research. Thus, a 

firm's clinical development experience is not likely to affect the time taken to complete 

pre-clinical research.  

 A firm acquires clinical development capabilities for managing trials and 

evaluating results through previous clinical development activities (Cockburn and 

Henderson 2001; Danzon et al. 2005; Chandy et al. 2006). Previous studies have found 

that older firms with more drug development experience are more likely to complete a 

phase of development and gain approval for a drug than younger firms, with less 

experience (Danzon et al. 2005; Arora et al. 2009).
34

 These results suggest that a firm 

acquires expertise through clinical development activities that may be used to increase 

the effectiveness and efficiency of late-stage clinical development activities. Thus, the 

time taken to complete clinical development is likely to decrease as a firm acquires 

clinical development expertise and capabilities.  

 

5. Effect of time taken to complete pre-clinical research on time taken to complete clinical 

development  

                                                 
34

 Age is frequently used as a measure of experience. In contrast to measures of experience based on 

investments and outputs, age accounts for experience gained through both successful and unsuccessful 

activities. 
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 In pre-clinical research, a firm elucidates the therapeutic characteristics of the 

drug candidate and uses that knowledge to evaluate and select drug candidates for clinical 

development (Arora et al. 2009). A firm that spends more time on pre-clinical research is 

likely to have a more complete understanding of the drug candidate's therapeutic 

characteristics. By performing additional pre-clinical research, a firm is more likely to 

have resolved technological uncertainties about the therapeutic quality of the drug 

candidate and is less likely to encounter problems during clinical development that 

require additional studies. Previous research has found that the results of early-stage 

research activities affect the probability that late-stage clinical development activities are 

successfully completed (Guedj and Scharfstein 2004). Thus, the time taken to complete 

clinical development is likely to be a function of the time taken to complete pre-clinical 

research. A firm that takes longer to complete pre-clinical research is likely to take less 

time to complete clinical development. 

 

Conclusion  

 Theories of science-based innovation and organizational learning suggest that the 

difficulty of an innovation activity is a function of the technological characteristics of the 

R&D project and the firm's R&D capabilities. This theoretical framework provides a 

context for examining the factors that affect the time taken to successfully complete R&D 

activities along a drug development pipeline. Examining the factors that affect the time 

taken to successfully complete drug development activities is likely to provide new 
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insights into difficulty of using S&T advances to develop new drugs and the apparent 

decline in productivity. In Chapter Two, I present my analytic approach, and outline the 

data and methodology used to test my hypotheses.
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CHAPTER 3: DATA AND RESEARCH METHODOLOGY 

 

 In this chapter, I outline the data and methodology used to test my hypotheses. My 

primary research objective is to determine how three sets of factors affect the time taken 

to complete a drug research and development (R&D) project: (1) the technological 

characteristics of an R&D project; (2) the use of components generated by other entities 

to develop the drug; and (3) the R&D capabilities of the firm. I use survival analyses 

models to examine how each set of factors affect the rate at which a project is completed. 

To analyze how each set of factors uniquely affects the speed with which early stage pre-

clinical research and late-stage clinical development is completed, I model each stage 

separately. I also model the speed with which an entire drug development pipeline
35

 is 

completed to determine which factors have the greatest effect on the entire development 

process. These analyses are performed on a sample of 443 drug development projects 

initiated between 1975 - 2009 and completed between 1989 - 2009.  

The Modeling Framework 

 I conceptualize the drug development pipeline as a series of linked R&D 

activities, in which the drug components generated through early-stage research are used 

as inputs to late-stage development activities. In pre-clinical research, firms use science 

and technology (S&T) advances to identify and integrate components to develop a drug 

                                                 
35

 A drug development pipeline is defined as all the pre-clinical research and clinical development 

activities performed to identify and develop a new drug. Refer to Chapter 1 for a detailed description 

of the drug development process. 



 

53 

candidate. In clinical development, they transform a drug candidate into a safe and 

effective drug. Since the S&T advances that underpin a drug component are embodied in 

patents that claim the component of the drug, I use the patents that claim the components 

of a drug to delineate the use of scientific advances and technological components to 

develop a drug.  

 

Sample Selection 

I used the FDA Orange Book: Approved Drug Products with Therapeutic 

Equivalence Evaluations (herein referred to as the Orange Book) 2010 annual edition to 

identify innovative drugs approved by the FDA. The Orange Book includes a list of 

patents that claim the active ingredients, therapeutic uses and formulations of each FDA 

approved drug (herein collectively referred to as drug components).
36

 The patented 

components of the drug embody the key technological components of the new drug. 

 Each drug in this data set is the first use of a patented drug component to develop 

a drug. I do not include drugs that are based on subsequent uses of a patented component, 

unless the subsequent drug is based on a new therapeutic use of an active ingredient alone 

or in combination with other ingredients and components. The data set does not include 

incrementally innovative drugs that are alternative formulations of active ingredients with 

the similar therapeutic uses. Of the 1,975 drugs approved by the FDA between 1990 and 

                                                 
36   The Orange Book is available electronically at 

<http://www.accessdata.fda.gov/scripts/cder/ob/default.cfm> 
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2010,
37,

 
38

 443 are innovative drugs that are the first use of a patented drug component. 

These drugs are based on 1,589 patented components, for which a patent application was 

filed between 1975 - 2002. 

 

Architecture of the data set 

 The unit of analysis is the drug development project. This data set integrates data 

about the drug, its components, and the R&D capabilities of the firm. Figure 2 illustrates 

the architecture of the data set and how data about the drug, its components and the firm 

that developed the drug is integrated to characterize the drug development pipeline. In the 

next section, I describe the data elements and the databases from which they were 

obtained. 

   

Data Elements and Data Sources 

FDA Orange Book  

 The FDA publishes a list of approved drugs and the patents that claim each 

approved drug in the Orange Book: Approved Drug Products with Therapeutic 

Equivalence Evaluations (also referred to as the Orange Book). A firm is required to 

provide the FDA a list of patents related to the drug with three types of claims: (1) drug 

active ingredients; (2) drug product formulations and compositions; and (3) therapeutic 

                                                 
37

 Summary of NDA Approvals and Receipts. Accessed on February 21, 2012 at 

<http://www.fda.gov/AboutFDA/WhatWeDo/History/ProductRegulation/SummaryofNDAApprovalsR

eceipts1938tothepresent/default.htm> 
38

 http://www.pharmsource.com/productsservices/special-reports/ 
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uses. 
39,

 
40

 These three types of patents are herein collectively referred to as drug 

components. The patented components of the drug embody the important technological 

components of the new drug. The Orange Book does not include patents related to the 

drug that expired before the drug was approved or patents issued in other countries.
41

 The 

FDA removes patents from the Orange Book when the patent has expired or found 

invalid.
42 

Thus, each annual edition of the Orange Book includes patents for FDA-

approved drugs that are valid when the edition is published.  

 An annual edition of the Orange Book does not list patents claiming a drug that 

have expired. A list of patents drug components obtained from any annual edition is 

likely to be incomplete, since older patents that expired after the drug was approved have 

been removed.  I obtained a comprehensive list of all (valid and expired) patents that 

claim a component of an FDA-approved drug that were valid at the time of approval 

through a Freedom of Information Act (FOIA) request.  

                                                 
39

 Code of Federal Regulations 314.53: Application for FDA Approval to Market a New Drug, 

Submission of Patent Information (21CFR314.53). Accessed at  <http://frwebgate.access.gpo.gov/cgi-

bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT> October 11, 

2011.  
40

 Patents issued after approval must be submitted for inclusion in the Orange Book within thirty days of 

the patent issue date. Code of Federal Regulations 314.53: Application for FDA Approval to Market a 

New Drug, Submission of Patent Information (21CFR314.53). Accessed at 

<http://frwebgate.access.gpo.gov/cgi-bin/get-

cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT> 

October 11, 2011.  
41

 Code of Federal Regulations 314.53: Application for FDA Approval to Market a New Drug, 

Submission of Patent Information (21CFR314.53). Accessed at <http://frwebgate.access.gpo.gov/cgi-

bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT> October 11, 

2011. 
42

 A drug may be withdrawn from the market by the FDA for safety reasons or by the firm for market 

reasons. Such drugs are listed as “discontinued” in the Orange Book. The Orange Book listing does not 

differentiate between drugs that were discontinued for safety reasons and market reasons.  

http://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT
http://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT
http://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT
http://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT
http://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT
http://frwebgate.access.gpo.gov/cgi-bin/get-cfr.cgi?TITLE=21&PART=314&SECTION=53&YEAR=1999&TYPE=TEXT
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For each firm that developed a drug in this data set, I obtained the number of 

FDA-approved drugs developed by the firm annually from the Orange Book. The number 

of drugs developed by the firm only includes those based on a New Drug Application. It 

does not include additional formulations that were approved through supplemental or 

abbreviated new drug applications (ANDA).
43  

 

Drugs @ FDA database   

 The FDA publishes information about approved drugs in the Drugs @ FDA 

database.
44

 This database includes information about the active ingredient and regulatory 

review process through which the drug was approved. The FDA uses two alternative 

regulatory review processes to evaluate a drug: priority, (2) standard.45 The priority 

review process is used to evaluate drugs that are considered significant improvements 

over existing therapeutics or may be used to treat a condition for which there are no 

existing treatments. All other drugs undergo standard review. The FDA review 

classifications reflect the novelty of the drug and the extent to which it fulfills unmet 

therapeutic needs. The FDA also classifies the active ingredient of a drug as a new 

molecular entity (NME) if the active ingredient has not been used in a drug that has been 

                                                 
43

 An abbreviated new drug application does not include full data from pre-clinical tests and clinical 

trials. Instead, it includes data that demonstrate the similarity of the new drug to another drug that was 

approved through a complete new drug application that include all pre-clinical tests and clinical trials.  
44

 The Drugs @ FDA database can be accessed at 

<http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm> 
45

 Drugs @ FDA Database, Frequently Asked Questions:  Accessed  on October  11, 2011 

<http://www.fda.gov/Drugs/InformationOnDrugs/ucm075234.htm#chemtype_reviewclass> 
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approved by the FDA for marketing in the US.
46

 For each drug in the data set, I obtained 

the regulatory review status, the active ingredient, and the designation of the active 

ingredient as an NME from the Drugs @ FDA database. 

 

Federal Registrar 

 When a firm applies for a patent term extension for a drug claiming a component 

of a drug under the Drug Price and Patent Term Restoration Act (herein referred to as the 

1984 Act), the FDA publishes the date on which a firm submitted an INDA and the time 

taken to complete clinical development after the INDA was submitted in the Federal 

Registrar as a notification on the “Determination of Regulatory Review Period for 

Purposes of Patent Extension.” This information is only published when a firm applies 

for a patent term extension and is used by the USPTO to determine the length of time that 

a patent may be extended.
47

 Accordingly, I have obtained the INDA submission date for 

only the 189 (of 443) drugs in this data set that are based on patented components that are 

eligible for an extension. 

                                                 
46

 Drugs @ FDA Database, Glossary. Accessed on October 11, 2011 at 

<http://www.fda.gov/Drugs/InformationOnDrugs/ucm079436.htm#N> 
47

 The 1984 Act enables the USPTO to extend the term of a patent claiming three types of drug 

components: (1) the active ingredient; (2) the therapeutic use of the drug; and (3) the formulation of 

the drug (drug product) (Schacht and Thomas 2000).
 
To be eligible for an extension, the patent must 

claim a component of a drug that is based on a new molecular entity (NME).
  
Furthermore, a patent for 

a component of a drug may only be extended if the drug underwent full clinical testing as a New Drug 

Application (NDA). 



 

 58 

NBER Patent Database and USPTO Electronic Database 

My data set consists of 1,589 patents for drug components that were issued 

between 1975 and 2009. I obtained the following four data elements for each patent: (1) 

the date on which the application for the patent was filed; (2) the date on which the patent 

was issued; (3) the assignee; and (4) the number of citations made to prior art patents. For 

the 1,137 patents issued between 1985 and 2006, I obtained the data from the National 

Bureau of Economic Research (NBER) Patent Database.48 For the 79 patents issued after 

2007, I collected the data manually from the USPTO Electronic Database.
49

  

 For each firm that developed a drug in my data set, I obtained the number of drug 

patents issued to the firm each year from the NBER Patent Database since 1976. I define 

drug patents as those assigned to the same technology classes as the patents listed in the 

Orange Book.
50

 The number of patents issued to the firm does not include patents 

assigned to other biological and medical technologies.  

 

Compustat 

 Compustat is a corporate financial information data base that consists of annual 

data on a firm's assets, expenditures and income collected from the firm's balance sheets 

and income statements. It includes information on active and inactive publicly-owned 

firms. Data are only available for firms after the firm's Initial Public Offering (IPO) and 

                                                 
48

 The NBER patent database includes patents issued between 1976 – 2006.  
49

 The USPTO electronic database can be accessed at 

<http://patft.uspto.gov/netahtml/PTO/srchnum.htm> 
50

 Patents listed in the Orange Book were classified in the following 23 classes: 34, 128, 131, 141, 210, 

222, 424, 435, 514, 523, 530, 534, 536, 544, 546, 548, 549, 552, 558, 562, 564, 600 and 604. 
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the firm has become a publicly owned. For each firm that developed a drug in the data 

set, I obtained the firm's annual R&D expenditures and the number of employees. These 

data are only available for 186 of the 443 firms in the data set. 

 

Corporate websites, annual reports, and press releases 

 Most corporate websites include pages that outline the operating and financial 

history of the company. I obtained three data elements from corporate websites and press 

releases: (1) the founding year; (2) the IPO date and; (3) the location of the headquarters. 

When this information was not found on the corporate website, I searched other sources 

including news articles about the firm, Wikipedia entries, and other business information 

websites. 

 

Definition and Measurement of Variables 

 The unit of analysis is the drug development pipeline and the pre-clinical research 

and clinical development projects that comprise the pipeline. The dependent variable is 

measured as the time taken to complete an R&D activity. As noted above, I measure the 

time taken to complete three R&D activities: (1) pre-clinical research; (2) clinical 

development; and (3) the complete drug development process. There are three sets of 

explanatory variables that are measured at the project level: (1) the technological 

characteristics of the project; (2) the extent to which the drug is based on components 

generated by the innovating firm and other entities; and (3) the R&D capabilities of the 

firm at the start of the drug development project. I also include controls that account for 
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exogenous conditions at the start of an R&D project and other firm characteristics. The 

variables are defined in Table 1.  

 I assume that the time taken to complete an R&D project primarily reflects the 

difficulty of the project. However, it may also reflect the intellectual, technological, and 

financial resources allocated to the project. The amount of resources allocated reflects the 

firm's resources and the perceived size of the market and potential returns to the costs of 

developing the drug (Guedj and Scharfstein 2004; Chandy et al. 2006). Since a firm can 

increase profits by extending the length of time it has the patent-protected exclusive right 

to sell the drug, a firm is likely to pursue a development strategy to minimize drug 

development time (Chandy et al 2006). In this research, I assume that a firm allocates 

resources to complete a drug development project as quickly as possible, given the 

technologically difficulty of the drug development project. 

 

Dependent variables 

Time to complete pre-clinical research  

 The date on which a patent application for a drug component is filed marks the 

beginning of market-oriented development (Dranov and Meltzer 1994). I obtained the 

application dates for all patents claiming a drug component listed in the FDA Orange 

Book from the NBER Patent Database or USPTO Electronic Database and used the first 

application date to define the start of market-oriented pre-clinical research. The 

submission of an INDA defines the end of a pre-clinical research project in which a 

promising drug candidate was identified (Dranov and Meltzer 1994; Schacht and Thomas 
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2000). I obtained the date on which the INDA for a drug candidate was submitted from 

the FDA's notifications on the “Determination of Regulatory Review for the Purposes of 

Patent Extension” published in the Federal Registrar. I measure the time taken to 

complete a pre-clinical research project as the number of days elapsed from the date on 

which the first application for a patent claiming a component of a drug was filed to the 

date on which the INDA was submitted. For 26 of the 189 drugs for which I have the date 

on which the INDA was submitted, the first patent application claiming a component of 

the drug was filed after the INDA was submitted. I am not able to measure the time to 

complete pre-clinical research for these drugs. Accordingly, I have the time taken to 

complete pre-clinical research for 163 drug development projects. 

 

Time to complete clinical development  

 A firm submits an INDA to obtain permission from the FDA to begin clinical 

development for a drug candidate. As described above, I obtained the date on which the 

INDA was submitted from the Federal Registrar.  The successful completion of clinical 

development is defined by approval by the FDA to market the drug. I obtained the date 

on which the drug was approved from the FDA Orange Book. Accordingly, I measure the 

time taken to complete a clinical development project, as the number of days elapsed 

from the date on which the INDA was submitted to the date on which the drug was 

approved. I am able to measure the time taken to complete clinical development for the 

189 drugs development projects for which I was able to obtain the date on which the 

INDA was submitted.  
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Total time to complete a drug development project  

 A complete drug development project includes pre-clinical research and clinical 

development. I define the date on which pre-clinical research began as described above 

and the end of drug development as the date on which the drug was approved. 

Accordingly, I measure the time taken to complete drug development as the number of 

days elapsed from the date on which the first application for a patent claiming a drug 

component was filed to the date on which the drug was approved. I have the time taken to 

complete drug development for 443 drugs.  

 

Explanatory Variables 

1. Technological characteristics of the drug development project  

Number of drug components   

 The FDA Orange Book lists all patents that claim the key components of an 

approved drug.
51

 I use the number of valid and expired patents claiming components of a 

drug that were applied for before the drug was approved as the number key drug 

components. I do not include patents for which the application was applied for after the 

drug was approved, because such patents are likely to be part of patenting strategy to 

extend market exclusivity and are not key components of the drug (Eisenberg 2007; 

                                                 
51

 As described above, the key components of a drug include the active ingredient, therapeutic use and 

formulation.  
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Grabowski and Vernon 2000). The number of key drug components reflects the 

technological complexity of the drug.  

 

Time taken to integrate drug components  

 I measure the time taken to integrate the key components of a drug candidate as 

the number of days elapsed from the date on which the first application for a patent 

claiming a key component of the drug was filed to the date on which the last one was 

filed, adjusted for the number of key drug components.52 I use the time taken to integrate 

the key components of a drug as a measure of the complexity and difficulty of integrating 

multiple components to develop a drug. 

 

Time taken to complete pre-clinical research 

  When measuring the time taken to complete clinical development, I control for 

the difficulty of pre-clinical research by including the time taken to complete pre-clinical 

research as an explanatory variable. I measure the time taken to complete pre-clinical 

research as the number of days elapsed from the date on which the first patent application 

for a component of the drug was filed to the date on which the INDA was submitted, as 

described above. For ease of interpretation, I divide the number of days elapsed by 30 

and, thereby, describe the effect of a 30-day increase in the time take to integrate the 

components. The time taken to complete pre-clinical research reflects the difficulty of 

                                                 
52

 For each patent claiming a key component of the drug, I obtained the date on which the application for 

the patent was filed from the NBER Patent Database or the USPTO Electronic Database. I do not 

include patents for which the application was filed after the drug was approved.
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identifying, integrating drug components, and evaluating the therapeutic characteristics of 

a drug candidate. 

 

Extent to which components build on existing S&T knowledge  

 I use patent citations to prior art to characterize how patented drug components 

build on existing scientific and technological (S&T) knowledge (Hall, Jaffe and 

Trajtenberg 2001; Rosenkopf and Nerkar 2001; Katila and Ahuja 2002; Nagaoka 2007). 

The greater the number of citations made to prior art, the more extensively the patented 

component builds on existing S&T knowledge. Patented components that build broadly 

on existing S&T knowledge are considered incremental innovations, where as those that 

build minimally on existing knowledge are considered radically innovative. For each 

patented drug component, I obtained the number of citations made to prior art patents 

from the NBER Patent Database or the USPTO Electronic Database. I measure the 

radical or incremental nature of the drug as the average number of citations to prior art 

patents made by all patents claiming the key components of the drug, as in previous 

research (Katila and Ahuja 2002; Sapsalis et al. 2006; Fabrizio 2009).   

 

2. Use of components generated by the innovating firm and other entities 

 Previous research indicates that it is more difficult for a firm to incorporate S&T 

components generated by other entities to develop a new product than to use components 

generated through its own research (Cohen and Levinthal 1990; Rosenkopf and Nerkar 

2001; Katila and Ahuja 2002; Fabrizio 2009). Furthermore, there are likely to be different 
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technological challenges in using components generated by other firms and academic 

research institutions since they generate qualitatively different types of S&T components 

that differ in maturity and the extent to which they build on existing scientific knowledge 

(Murray 2002; Owen-Smith and Powell 2004; Sapsalis et al. 2006). Accordingly, I 

distinguish between drug components generated by the innovating firm through internal 

research, and those generated by other firms and academic research institutions.  

 I identify the use of patented components generated by the innovating firm and 

other entities according to the patent assignee for each drug component. The patent 

assignee for each component was obtained from the NBER Patent Database or the 

USPTO Electronic Database. I then classified the assignee into one of three mutually 

exclusive categories: (1) the innovating firm that developed the drug; (2) another firm; or 

(3) an academic research institutions, such as a university, non-profit research center or 

government laboratory. This approach to classifying patent assignees aligns with assignee 

typology used by Hall and colleagues in the NBER Patent Database (2001). For each 

drug, I use a binary indicator that is equal to one if the drug is based on at least one 

patented component generated by another entity and equal to zero if it based entirely on 

internally generated components. I also calculated three variables that are equal to the 

proportion of patents for components that were assigned to the three types of entities: (1) 

proportion generated by the innovating firm; (2) proportion generated by other firms; and 

(3) the proportion generated by academic research institutions. In this manner, I measure 

the extent to which a drug is based on components generated by the innovating firm, 

other firms and academic research institutions. By measuring the extent to which a drug 
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is based on components generated by the innovating firm, other firms and academic 

research institutions, I am able to measure how the use of components generated by each 

increases the difficulty of R&D activities and thereby the time taken to complete drug 

development. 

 

Drugs based on New Molecular Entities 

 The FDA classifies the active ingredient of a drug as a NME if it has not been 

used in a drug approved by the FDA.
53

 Drugs that are a new therapeutic use of an active 

ingredient or an alternative formulation of another previously approved drug are not 

considered NMEs. I determined whether a drug is based an active ingredient that was 

classified as an NME according to the classification of the drug listed in the Drugs @ 

FDA database and constructed a binary indicator that is equal to one for drugs that are 

based on NMEs and equal to zero otherwise. In accordance with previous research, I use 

this indicator to measure the novelty and innovativeness of a drug (Dranov and Meltzer 

1994; Sternitzke 2010).    

 

Priority Drugs 

  The FDA classifies drugs that fulfill unmet medical needs as “priority” drugs and 

uses an accelerated review process to approve such drugs.
54

 Drugs that do not fulfill an 

                                                 
53

 Drugs @ FDA Database, Glossary. Accessed on October 11, 2011 at 

<http://www.fda.gov/Drugs/InformationOnDrugs/ucm079436.htm#N> 
54

 Drugs @ FDA Database, Frequently Asked Questions:  Accessed  on October  11, 2011 at 

<http://www.fda.gov/Drugs/InformationOnDrugs/ucm075234.htm#chemtype_reviewclass> 
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unmet need undergo the “standard” review process. I determined whether a drug was 

designated a “priority” by the FDA based on the regulatory review status of the drug 

listed in the Drugs @ FDA database and constructed a binary indicator equal to one if the 

drug was classified as a priority and equal to zero if was not. I use this indicator to 

measure the innovativeness of the drug and the difficulty of developing such highly 

innovative drugs.  

 

3. Firm characteristics and R&D capabilities 

 The 443 drugs in the data set were developed by 160 firms.
55

 I use four measures 

to characterize the innovating firm's R&D capabilities: (1) knowledge and capabilities 

acquired through previous pre-clinical research activities; (2) knowledge and capabilities 

acquired through previous clinical development activities; (3) general drug development 

experience; and (4) knowledge amassed through R&D investments. To characterize the 

firm at the start of a drug development project, I measure each characteristic in the year 

before the drug development project began, as defined above.   

Some firms underwent a merger or acquisition (M&A) immediately before or 

during drug development. When a firm underwent an M&A, I identified the innovating 

firm as the one to which the majority of the patents claiming components of the drug was 

assigned. If none of the patents were assigned to either firm, I defined the larger firm as 

the innovating firm. Since my research objective is to analyze how a firm's R&D 

                                                 
55

 In this data set, the number of drugs developed by a firm ranges from one to 87, with an average of 

seven drugs developed by each firm. Of the 160 firms in this data set, 21 firms developed only one 

drug. 
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capabilities affect the time taken to complete an R&D project, I controlled for M&As in a 

manner that most accurately reflects the firm's capabilities when the focal project is 

initiated. My analyses ultimately consider the characteristics of the innovating firm when 

a drug development project is initiated. 

 

Knowledge and capabilities acquired through previous pre-clinical research activities  

 In accordance with previous research, I measure knowledge acquired through 

previous early-stage research activities as the number of patents issued to the firm 

(Sorensen and Stuart 2000; Zucker, Darby, Furner, Liu and Ma 2007). I obtained the 

number of drug patents issued to the innovation firm, annually between 1976 to 2006 

from the NBER Patent Database.
56

 For projects initiated after 2006, I searched the 

USPTO Electronic Database manually. I calculated the total number of patents issued to 

the firm up to the year before it began a pre-clinical research project or a clinical 

development project. To adjust for the obsolescence of S&T knowledge, I calculated a 

depreciated count of the number of patents issued to the firm in the ten years prior to the 

year in which the R&D project began. The number of patents issued to the firm was 

depreciated by 10% annually. I calculated a firm's pre-clinical experience is the sum of 

the number of patents issued to the firm in the previous year (t-1) and the depreciated 

number of patents issued to the firm over the previous ten years. In this manner, I 

measure the extent to which knowledge acquired through previous early-stage research 

                                                 
56

 I define a drug pharmaceutical patent as one assigned to the same technology classes by USPTO as 

patents listed in the Orange Book. The patents listed in the Orange Book were classified in the 

following 23 classes: 34, 128, 131, 141, 210, 222, 424, 435, 514, 523, 530, 534, 536, 544, 546, 548, 

549, 552, 558, 562, 564, 600 and 604. 
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activities facilitates subsequent R&D and thereby affects the time taken to complete a 

R&D project.  

 

Knowledge and Capabilities acquired through previous clinical development activities  

 To measure the firm's knowledge and capabilities acquired through previous 

clinical development activities, I counted the number of drugs developed by the firm 

annually between 1982 to 2009 (Cockburn and Henderson 2001; Danzon et al. 2005; 

Chandy et al. 2006). I obtained a list of drugs developed by each firm and the date on 

which each was approved from the FDA Orange Book. For each pre-clinical research and 

clinical development project, I calculated the total number of drugs developed by the firm 

in the year before the project began. To account for the obsolescence of S&T knowledge, 

I also calculated a depreciated count of drugs developed.  The number of drugs developed 

by the firm was depreciated by 10% annually. I calculated a firm's clinical experience as 

the sum of the number of drugs developed by the firm in the previous year (t-1) and the 

depreciated number of patents issued to the firm, since 1982. As in other research, I use 

this measure of a firm's clinical development knowledge and capabilities to analyze how 

such knowledge and capabilities facilitates the completion of pre-clinical research and 

clinical development activities (Danzon et al. 2005; Chandy et al. 2006). 

  

Knowledge generated through general experience  

 I measure the knowledge a firm amasses through experience as its age at the start 

of an R&D project, calculated as the number of years since it was founded (Sorensen and 



 

 70 

Stuart 2000; Fabrizio  2009). For each firm, I obtained the year in which it was founded 

from corporate websites, press-releases and other business information websites. For 60 

pre-clinical research projects, the firm that received FDA approval to market the drug had 

not been founded and I coded the age of these firms as zero. I use a firm's age at the start 

of a project as analyze how a firm's experience enables it to complete pre-clinical 

research and clinical development activities efficiently.  

 

R&D investments  

 I use the innovating firm's cumulative R&D investments to calculate the firm's 

knowledge at the beginning of a R&D project (Cockburn and Henderson 2001; Katila 

and Ahuja 2002; Fabrizio 2009). I obtained annual R&D expenditures from 1960 to 2009 

from Compustat. Since Compustat only has data on publicly traded firms, I was only able 

to obtain these data on R&D expenditures at the start of the drug development projects 

for 186 of the 443 drugs in this data set.  

To calculate knowledge generated through previous R&D investments and adjust 

for the obsolescence of S&T knowledge, I used the perpetual inventory method (Hall, 

Mairesse, and Mohnen, 2009).
57

 To calculate investments in the knowledge stock, I 

calculated annual R&D expenditure growth rate as (adjusted) R&D expenditures in year 

t, less the R&D expenditures in the previous year (t-1), divided the R&D expenditures in 

year t [(Rt - Rt – 1) / Rt ], averaged across all firms in a year. For the year in which a firm’s 

                                                 
57

 I adjusted annual R&D expenditures to millions of US dollars in the year 2000 using the US Bureau of 

Economic Analysis (BEA) R&D input indices. A full report on the estimates of the R&D Satellite 

Account is available online at <http://www.bea.gov/newsreleases/general/rd/2007/pdf/rdreport07.pdf> 



 

71 

R&D data were first available, I calculated an initial firm-specific knowledge stock (K0) 

as R&D expenditures in the first year [R0] divided by the sum of the R&D growth rate (g) 

and depreciation rate (d) [K0 = R0  / (g +d)]. We use a 10% depreciation rate in 

accordance with the previous research (Hall, et al. 2009). In the following year, I 

calculated the firm's current knowledge stock (K1) as the sum of that year's R&D 

expenditures and the initial knowledge stock (K0) multiplied by one less the R&D 

depreciation rate (d) [K1 = K0 *(1-d)]. In all subsequent years, the knowledge stock (Kt) is 

the sum of that year's R&D expenditures and the previous year’s knowledge stock [Kt-1] 

multiplied by one the less the depreciation rate [d] [Kt =Kt-1 * (1-d)]. This approach to 

calculating knowledge generated through R&D investments allows me to measure the 

effect of a firm's total knowledge on efficiency with which it completes a pre-clinical 

research or clinical development project. 

 

3. Controls  

 I control for two characteristics of the drug development project and three other 

firm characteristics: (1) the type of drug developed; (2) the year in which the R&D 

project was initiated; (3) the status of the firm as a publicly traded entity; (4) the location 

of the firm's headquarters; and (5) the size of the firm. As with the firm's R&D 

capabilities, I measure these characteristics at the start of a drug development project.  

 

 

 



 

 72 

Therapeutic Type 

 The World Health Organization (WHO) Anatomical Therapeutic Chemical 

Classification (ATCC) system categorizes a drug based on the therapeutic uses and 

pharmacological properties of the drug's active ingredient into fourteen therapeutic 

categories.
58

 I obtained the primary active ingredient of a drug from the FDA Orange 

Book and used the WHO ATCC classification for the active ingredient and therapeutic 

use to assign each drug into one of fourteen mutually exclusive categories. Subsequently, 

I combined categories in which there were less than ten drugs into a category referred to 

as “other.”  I constructed a binary variable for each therapeutic type, which is equal to 

one if the drug is classified as such and equal to zero otherwise. This series of variables 

allows me to control for differences in the difficulty of developing each type of 

therapeutic.   

 

Year in which a drug development project began  

 I use the year in which an R&D project was initiated to control for exogenous 

technological, economic and legal factors that may affect the time taken to complete a 

drug development project. To control for the years in which a pre-clinical research project 

or a complete drug development project began, I constructed a variable indicating the 

year in which the first application for a patent claiming a component of the drug was 

                                                 
58

 The WHO Anatomical Therapeutic Chemical Classification system is described at 

<http://www.who.int/classifications/atcddd/en/> 
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filed.
59 

To control for the year in which a clinical development project began, I 

constructed a variable indicating the year in which the INDA was submitted.60 In this 

manner, I control for technological and economic factors that are likely to affect the 

difficulty of an R&D project or a firm's development strategy that are not readily 

measured.  

 

Status as a publicly traded firm  

 Publicly traded firms are typically larger than private firms and often have greater 

assets (Danzon et al. 2005). Since a firm's size and assets may affect the time that a firm 

takes to complete a R&D project, I control for whether a firm is publicly traded at the 

start of an R&D project. I searched corporate websites, press-releases and other business 

information websites to determine whether the innovating firm was publicly traded and 

obtain the date of the IPO.
61

  I use the public status of the firm to control for the size of 

the firm and its assets at the beginning of an R&D project.  

 

Size of the firm  

 I measure the size of the firm as the number of employees (in thousands) in the 

year in which a drug development project began, which I obtained from Compustat.
62

 

Because Compustat only provides data on publicly traded firms, I only have this data for 

                                                 
59

 I obtained the patent application date from the NBER  Patent Database or the USPTO Electronic 

Database. 
60

 I obtained the INDA date from the Federal Registrar.  
61

 I consider a firm publicly traded if its share are traded on any stock exchange (not just the US).  
62

 For the drug development projects for which we have the clinical development start date, we have the 

number of employees in the year in which the INDA was submitted.  
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the 186 (of 443) drug development projects.
63

  I use the number of employees to control 

for how the size of the firm affects the efficiency with which it completes a R&D project. 

 

Location of the firm's headquarters  

 I determined the country in which firm was headquartered from corporate and 

other business information websites. I constructed three binary variables indicating 

whether the firm was located in North America, Europe, or Asia / Australia. Each 

indicator is equal to one if the firm was headquartered in that region and zero otherwise. 

By controlling for the location of the firm's headquarters, I am able to account for 

differences in economic and legal factors that may affect when a firm applies for a patent 

claiming a component of a drug in the US and the time it takes to develop a drug in 

accordance with US FDA requirements.  

 

Statistical Approach  

 I use a Cox hazard model to analyze the technological and organizational factors 

that affect when a R&D project is completed. A Cox hazard model measures the 

instantaneous probability that a drug development project is completed at each point in 

time, as a function of the explanatory and control variables (Equation 1): 

 

Equation 1: Cox hazard model  

                                                 
63

 For the 163 pre-clinical research projects, I have data on employees for 59 projects. I was not able to 

obtain the number of employees at the start of 104 pre-clinical research projects.  For the 189 clinical 

development projects, I have data on employees for 87 projects. I was not able to obtain the number of 

employees at the start of the project for 102 clinical development projects.  
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log H (tij) = h0 (tij) + β Cij + β Xij + β Pij + β Fij  

H (tij) = probability that drug development project (j) was completed by firm (i) at time 

(t)  

h0 (tij) = baseline probability of drug development project being completed over time, 

with unspecified distribution  

Cij = vector of controls  

Xij = technological characteristics of the project 

Pij = use of patented components generated by other entities 

Fij = R&D capabilities of the firm at the start of the project 

 

 The hazard is estimated as the sum of a general, unspecified, baseline function and a 

weighted linear combination of explanatory and control variables. The baseline function, 

which reflects the technical drug development process, is not defined or specified in the 

model. By using a Cox hazard mode, I focus on the technological and organizational 

factors that affect the probability that a R&D project is completed and the speed with 

which it is completed, relative to the baseline.  

 I have measured the time taken to complete an R&D project continuously (in 

days). By measuring time continuously, I am able to measure the effects of the 

explanatory variables with greater precision. However, it is difficult to specify the shape 

of a baseline when the time of event occurrence is measured continuously. If the baseline 

is incorrectly specified, the estimates of the effects of explanatory variables will be 

incorrect. As a non-parametric technique, the Cox hazard model does not require specific 
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assumptions about the shape of the base hazard. Instead of specifying a baseline function 

and measuring the effects of explanatory variables, the Cox model measures a hazard 

ratio that compares the hazard functions that correspond to the values of the explanatory 

variables. Moreover, because the Cox model does not specify the baseline function, it has 

fewer constraints and is, therefore, more efficient than models with (correctly) specified 

baseline hazards (Singer and Willett 2003). The Cox hazard model enables me to measure 

the effects of the technological characteristics of the project and the capabilities of the 

firm, with minimal assumptions about the underlying drug development process and 

probability that a project is completed, over time.  

 The Cox model involves several important assumptions about the effects of an 

explanatory variable on the hazard, over time. In this type of model, there is a hazard 

function for every value of an explanatory variable and there are as many hazard 

functions as there are combinations of the values of the explanatory variables. It is 

assumed that the (log) hazard has the same shape across all values and combinations of 

explanatory variables. The hazard increases or decreases as a function of the values of the 

explanatory variables, but the shape remains the same. The effect of a predictor in a Cox 

model is measured as a ratio of the hazard functions that correspond to the value of the 

explanatory variable, relative to the baseline function for which the explanatory variable 

is equal to zero. It is also assumed that the hazard ratio is proportional over time. The 

shift of the hazard function due to a unit change in the value of a predictor is the same at 

all points in time.  
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 To detect potential violations of these assumptions, I calculated the Schoenfeld 

residual for each explanatory variable. The Schoenfeld residual compares the observed 

values of the predictor with the expected values of a predictor for an individual that 

experiences the event at that time. To confirm the validity of these assumptions, I 

calculated the correlation between the Schoenfeld residual and the times at which the 

R&D project is completed. If the proportionality assumption holds, then the Schoenfeld 

residuals should not be correlated with time of event occurrence. In Table 2, I present the 

Schoenfeld residuals for the variables in the three sub-data sets: (1) pre-clinical research; 

(2) clinical development; and (3) complete drug development. Several variables in each 

data are significantly correlated with time, which indicates that the effects of the variables 

are not proportional.  

 To resolve the proportionality problems, I stratify the Cox hazard models by the 

year in which the project was initiated. By stratifying the model by the year in which the 

project was initiated, I allow each cohort of projects initiated in the same year to have a 

unique base hazard function. However, I assume that the effects of each covariate is the 

same on each cohort's base hazard function. In this manner, I control for exogenous 

technological, economic, regulatory, and legal factors of the year in which the project was 

initiated, while also measuring the effects of covariates on the hazard of completion.  

 Several firms in this data set developed more than one drug. It is possible that 

there are unmeasured firm characteristics that affect the speed with which a firm 

completes an R&D project, and as a result, there will be correlations among projects 

performed by the same firm. The estimates of the standard errors of the covariates are 
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likely to be biased if these within firm correlations are not accounted for in the model. To 

adjust for the correlations among projects performed by the same firm, I cluster the 

standard errors by firm. Although clustering standard errors does not affect the point 

estimates of the coefficients, this approach generates more precise standard errors. Thus, 

a Cox hazard model stratified by year and standard errors clustered by firm allows me to 

precisely analyze the effects of technological and organizational factors on the time taken 

to complete drug development activities.  
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CHAPTER 4: TIME TAKEN TO COMPLETE PRE-CLINICAL RESEARCH  

 

 I examine the hazard of completing a pre-clinical research project, after the first 

patent claiming a component of the drug was filed. The hazard measures the probability 

that a project is completed each day, and thereby reflects the time taken to complete the 

project. I analyze how three sets of factors affect the hazard of completing pre-clinical 

research: (1) the technological characteristics of the components of the drug; (2) the use 

of components generated by other firms and academic research institutions; and (3) the 

firm's R&D capabilities at the start of the R&D project, while controlling for other firm 

characteristics, the therapeutic characteristics of the drug, and exogenous technological 

factors and policies in place when the project was initiated. Table 3 presents descriptive 

statistics and Table 7 presents pair-wise correlations for each variable.  

 I use a Cox hazard model to test hypotheses about how each set of factors affects 

the time taken to complete a pre-clinical research project (Model 1): 
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Model 1: Cox hazard model  

log H (tij) = h0 (tij) + β Cij + β Xij + β Pij + β Fij  

H (tij) = probability that drug development project (j) was completed by firm (i) at time 

(t)  

h0 (tij) = baseline probability of drug development project being completed over time,  

unspecified distribution  

Cij = vector of controls  

Xij = technological characteristics of the project 

Pij = use of patented components generated by other entities 

Fij = R&D capabilities of the firm at the start of the project 

 

 A hazard function consists of a baseline hazard function, which is the (log) hazard when 

all covariates are equal to zero, and a combination of explanatory variables that increase 

or decrease the baseline hazard. Preliminary analyses indicate that the baseline hazard 

function varies according to the year in which the project was initiated. I begin by 

describing how the baseline hazard, cumulative hazard and survival functions vary across 

cohorts of projects initiated in the same year. To control for the technological and policy 

context in which the project was initiated, I construct a Cox hazard model that is stratified 

by the year in which the project was initiated.  

 
The coefficient of each variable can be interpreted as the effect of a unit increase 

in the variable on the log hazard. When I use the log of a variable, it is interpreted as the 

effect of a one percent increase in the covariate on the log hazard. For ease of 
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interpretation, I convert the coefficient into a hazard ratio by taking the anti-log of the 

coefficient and then calculate the percent change in the hazard ratio from a unit increase 

in the variable by subtracting one from the hazard and multiplying by one hundred [100* 

(eβ - 1)]. The hazard ratio is the percentage increase in the hazard for a unit (or one 

percent) increase in the covariate. A decrease in the hazard correlates with longer times to 

completion, while an increase in the hazard correlates with shorter times to completion. 

 This chapter is organized as follows. I begin by describing the baseline hazard and 

cumulative hazard functions of cohorts of drug development projects initiated in the same 

year. Second, I discuss the characteristics of the firm and drug for which I control and, 

then the effects of the three sets of explanatory variables. I conclude by summarizing the 

statistically important factors that affect the baseline hazard of completing a drug 

development project.   

 

Description of baseline hazard functions across cohorts of pre-clinical research 

projects 

 The hazard function describes the instantaneous probability that a drug 

development project is completed on each day. A higher hazard reflects a greater 

probability of completion, while a lower hazard reflects a smaller probability of 

completion at a point in time. Figure 3 illustrates the hazard function for cohorts of 

projects initiated in the same years.
64

 The day on which the hazard function of each 
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 Since the hazard function is conditional on the project being under development, it is likely to be 

decline rapidly after most projects have been completed and few remain under development. 

Moreover, the cumulative hazard function remains constant in periods when few projects are 
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cohort begins is defined by the day on which the first project in that cohort is completed. 

Each cohort has a unique hazard function, which is characterized by periods of increasing 

hazard or periods of decreasing hazard. Furthermore, the times at which the hazard peaks 

and reaches its lowest level are different for each cohort. The hazard for the first cohort 

(1975 - 1984) remains constant for the first 3,000 days and then increases at a moderate 

rate and peaks at the end. For the second cohort (1985 - 1986), the hazard decreases for 

the first 3,000 days at a nearly constant rate, but then increases at a moderate rate and 

peaks at the end. The hazard functions of the next two cohorts (1987 -1988; 1989 - 1990) 

increase briefly before declining at a steady rate for several thousand days, but then 

increase again through the end. For the fifth cohort (1991- 1992), the hazard increases 

steadily and peaks at the end. The hazard of the sixth cohort (1993 - 1994) initially 

increases for the first 1,000 days, then declines over the next 1,500 days, then increases a 

second time and peaks at the end. Similarly, the hazard for the last cohort increases 

rapidly for the first 1,000 days, declines sharply and increases dramatically through the 

end. The observed differences in the shape of the hazard functions across cohorts indicate 

that the time taken to complete a pre-clinical research project has changed over time.  

 The cumulative hazard function, shown in Figure 4, describes the probability that 

a project is completed at some time less than or equal to t. It describes the integral of the 

underlying (instantaneous) hazard function over time. When the hazard for a cohort 

increases rapidly, the cumulative hazard also increases quickly. When the hazard for a 

                                                                                                                                                 
completed. I account for the effect of sample size on the cohort-specific hazard and cumulative hazard 

functions, by constructing cohorts of similar size.  
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cohort increases slowly or declines, the cumulative hazard increases slowly or plateaus. 

The observed differences in the rate at which the cumulative hazard of each cohort 

increases reflect differences in the rates at which the (instantaneous) hazards for the 

cohorts increase and decrease. The cumulative hazards for the first five cohorts increase 

at similar rates for the first 1,000 days, and then diverge. The cumulative hazard functions 

for the sixth (1993 - 1994) and seventh (1995 - 2001) cohorts increase at a faster rate 

relative to the earlier cohorts. The observed differences in the rate at which the 

cumulative hazard functions for each cohort increase reflect differences in the rates at 

which the cohort's hazard increases and decreases. The cumulative hazards for the sixth 

and seventh cohorts increase faster than the cumulative hazard for the first five cohorts 

because the hazard increases initially at a faster rate for the sixth and seventh cohorts than 

first the five cohorts. Thus, the observed differences in the cumulative hazard functions 

highlight differences in how the (instantaneous) hazard increases across cohorts. 

 I tested the equality of hazard functions across cohorts to determine whether the 

observed differences in the shape of the hazard functions were statistically significant. 

The Chi-square statistic (35.02 with six degrees of freedom) is statistically significant     

(p < 0.0001), which indicates that hazard functions of each cohort are statistically 

different. These results suggest that the hazard of completing a pre-clinical research 

project varies according to the year in which the project was initiated. Graphical analyses 

suggest that the hazard has increased, which indicates that the time taken to complete a 

pre-clinical research project has decreased. 
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 The observed decline in the time taken to complete a pre-clinical research project 

may be attributed to technological factors. Over time, the scientific community's 

understanding of disease processes and drug targets has improved. Recent biomedical 

scientific and technological (S&T) advances underpin opportunities for pharmaceutical 

innovation and constitute the critical components of a drug. Firms are likely to take less 

time to complete pre-clinical research when using better quality S&T components as 

inputs to in early-stage research activities. Furthermore, firms develop and adapt core 

scientific knowledge and technological capabilities over time to exploit S&T advances in 

market-oriented innovation activities. The observed decline in the time taken to complete 

pre-clinical research may be attributed to industry-wide improvements in scientific 

capabilities. Thus, general improvements in the quality of the S&T advances and 

components used to develop a drug and the ability of firms to use those S&T advances 

are likely to have contributed to the observed decline in the time taken to complete pre-

clinical research projects since 1975.  

 It is also possible that the observed decline in the time taken to complete a pre-

clinical research project after applying for a patent reflects an industry-wide change in 

patenting strategy. Since I measure the time taken to complete a pre-clinical research 

project, after the first application for a patent claiming a component of the drug was filed, 

a firm is likely to appear to have taken less time to complete a pre-clinical research 

project if it applied for the first patent claiming a drug component later in the project. The 

Drug Price Competition and Patent Term Restoration Act (1984) allows for extensions on 

the length of time for which a patent that claims a key component of novel drugs is valid 
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(Schacht and Thomas 2000; Eisenberg 2007). 
65

  To be eligible for an extension, a patent 

must be applied for before the drug was approved and be valid at the time that the drug is 

approved. Firms may patent key components later during pre-clinical research to increase 

the likelihood that the patent is valid at approval and eligible for an extension. The effects 

of the change in policy on patent strategy are likely to have occurred over time as firms 

learn how to take full advantage of the opportunity to extend a patent through the 1984 

Act.  Even if firms immediately changed their patenting strategy and began filing patents 

for components later in development, a resulting apparent decline in the time taken to 

complete pre-clinical research would not be observed until the drug is approved, several 

years later. The impacts of the change in policy are likely to be realized over time. 

Moreover, a firm may patent later
 
in the development process even if a patent is not 

eligible for an extension to protect the exclusive right to market a drug through patent 

rights. The observed decline in the time taken to complete a pre-clinical research project 

may be attributed, in part, to new policies that affect when firms apply for patents claim 

components of a drug. 

 

Results of Cox hazard analyses 

Controls 

 I begin by discussing the effects of two sets of controls on the hazard of 

completing a pre-clinical research project: (1) the characteristics of the firm; and (2) the 

                                                 
65

 The 1984 Act allows patent term for patents claiming drug components to be extended by period equal 

to half of the time spent on clinical development and the full time spent on regulatory review (Schacht 

and Thomas 2000; Eisenberg 2007).  
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type of therapeutic developed. Table 8 presents the results of the control model, stratified 

by project initiation year with robust standard errors clustered by firm. Next, I discuss 

how each set of controls affects the hazard of completing a pre-clinical research project.  

 

1. The characteristics of the firm  

 I use a firm's age at the start of a pre-clinical research project to control for a 

firm's general experience and other age-related factors. 
66, 67

 Age has a marginally 

significant positive effect on the hazard (p < 0.087 in Model C1, Table 8). To determine 

whether age has a curvilinear affect, I included the square of age in the model. Age-

squared is not significant, which indicates that the effect of age is linear. The hazard of 

completing a preclinical research project increases by 0.4% with age. Older firms are 

likely to take less time to complete a pre-clinical research project than younger firms. I 

also use the firm's founding year to control for age-related experience. The founding year 

also has a statistically significant effect (p < 0.022 in Model C2, Table 8). In accordance 

with previous research on R&D productivity and innovation, I use age to control for 

experience in subsequent analyses. These results suggest that firms acquire overarching 

knowledge and capabilities through experience that facilitate the efficient completion of 

pre-clinical research activities. Younger firms lack experience-based knowledge and 

                                                 
66

 The firm was not founded at the start of 21 of the 163 pre-clinical research projects in this data set. I 

coded the age of these firms as zero. Additionally, I used the year in which the firm was founded to 

control for the firm's age related experience (Model C2, Table 8). The year in which the firm was 

founded does not have a statistically significant effect in the control model. The significance and 

magnitude of the other variables is comparable to Model C1, which includes age.  
67

 If the firm that developed the drug was formed through a merger, I use the founding year of the oldest 

firm to calculate the age of the firm at the start of the research project.  
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capabilities and as a result are likely to take longer to complete pre-clinical research 

projects than older firms. 

 To control for the size of the firm, and hence, the level of slack resources 

available, I use a binary variable that is equal to one if a firm was publicly owned at the 

start of a pre-clinical research project and equal to zero if the firm was privately owned. 

The firm was public at the start of 100 pre-clinical research projects, and private at the 

start of 63 research projects (Table 4). Although the public status of a firm at the start of a 

research project has a significant positive effect in the control model (p < 0.043 in Model 

C1, Table 8), it does not significantly affect the hazard in the full model (p < 0.122 in 

Model C2, Table 8). The lack of significance in the full model may be attributed to the 

significant effects of other firm characteristics that are correlated with the public status 

and size of the firm, such as R&D investments, and pre-clinical research and clinical 

development experience. Nonetheless, I find evidence that publicly owned firms are 

likely to take less time to complete a pre-clinical research project than privately owned 

firms. Publicly owned firms typically have more resources than private firms and may 

use these resources to increase the efficiency of pre-clinical research activities (Danzon et 

al. 2005; Arora et al. 2009). Private firms may take longer to complete pre-clinical 

research because they lack resources to accelerate research activities. 

 I also use the number of employees (in thousands) in the year the pre-clinical 

research project was initiated to control for the size of the firm. However, I was only able 

to obtain this data for 59 of the 163 pre-clinical research projects in this data set from 
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Compustat.
68 

I applied three alternative strategies to replace the missing employee data. 

First, I replace the missing value with the mean number of employees at the start of the 

pre-clinical research project for firms founded in the same year. Second, I replace the 

missing value with the 10
th

 percentile of the number of employees at the start of a pre-

clinical research project for firms founded in the same year. Third, I simply replace the 

missing value with 0.0001 (equal to one employee). Regardless of how I replace the 

missing values, I observe similar effects. To simplify my analyses and discussion, I use 

the mean number of employees for firms founded in the same year to replace missing 

values. The number of employees has a significant non-linear effect in the control model 

(p < 0.106 for the linear term and p < 0.01 for the quadratic term in Model C1, Table 8), 

but not in the full model (p < 0.371 for the linear term and p < 0.132 for the quadratic 

term in Model F2, Table 8).
69

 These results indicate that the hazard increases as a 

function of the number of employees at the firm, to a point, and then increasing size is 

associated with a lower hazard. The lack of a significant effect in the full model indicates 

that the effect of size is also explained, in part, by other explanatory variables. 

Nonetheless, these results suggest that moderately large firms with more employees have 

greater resources and expertise that may be leveraged to improve the effectiveness and 

efficiency of pre-clinical research activities.   

 To determine whether the projects for which I have data on employees and R&D 

investments are statistically different from those for which I do not, I use a binary 

                                                 
68

 I obtained data on the number of employees at a firm from Compustat, which includes data from firms 

that are publicly traded at major stock exchanges.   
69

 I also measured the log of the number of employees. However, the effect of the log of employees is not 

statistically significant.  
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indicator that is equal to one if the data were not available through Compustat and equal 

to zero if the data were available. This indicator reflects differences in firm size and other 

characteristics that are correlated with the availability of data on the number of 

employees and R&D investments from Compustat. This indicator does not have a 

significant effect (p < 0.897 in Model C1 and p < 0.706 in Model F2, Table 8). Thus, any 

differences between the projects for which I have data on employees and R&D 

investments and the projects for which I do not data have either been captured by the 

predictors or are not statistically important. Thus, I am able to replace missing data on 

employees and R&D expenditures to accurately measure the effects of each on the hazard 

of completing a drug development project, without ignoring other important 

characteristics of the firm. 

 Firms headquartered outside of North America may apply for a patent claiming a 

drug component from their national or regional patent office before applying for a patent 

from the USPTO. I define the beginning of a drug development project, as the date on 

which the application for the first patent claiming a component of the drug was filed with 

the USPTO, and measure development time from the USPTO patent application date to 

the FDA approval date. To control for differences in when a firm applies for a patent from 

the USPTO that are related to where the firm is headquartered, I include a binary variable 

that is equal to one  if the firm was headquartered in North America and equal to zero if 

headquartered elsewhere. Table 5 presents the number of firms headquartered in each 

region at the start of the pre-clinical project.
 
The indicator does not have a significant 

effect on the hazard (p < 0.779 in Model C1 and p < 0.417 in Model F2, Table 8). I do not 
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find evidence that firms headquartered in the US take more or less time to complete a 

pre-clinical research project, after the first application for a patent claiming a component 

of the drug is filed with the USPTO, than firms headquartered elsewhere. These results 

indicate that firms headquartered in Europe, Asia and Australia apply for patents from the 

USPTO at the same point in pre-clinical research as firms headquartered in North 

America.  

 

2. Type of therapeutic developed 

 In accordance with previous research, which indicates that the time taken to 

complete a pre-clinical research project varies according to the underlying therapeutic 

characteristics of the drug developed, I control for the type of therapeutic developed 

(Dranov and Meltzer 1994; Reichert 2003). Table 6 presents the numbers of each type of 

therapeutic in this data set. I compare the effects of six types of therapeutics on the 

hazard, relative to a base category that combines of eight types of therapeutics for which I 

have less than fifteen drugs in the dataset.
70

 The results of the control model (C3) with 

the six indicators for therapeutic types are presented in Table 9. Only the indicators for 

anti-infective and gastrointestinal therapeutics have a statistically significant negative 

effect on the hazard. It is likely to take longer to complete a pre-clinical research project 

when developing an anti-infective and gastrointestinal therapeutics than any other type.  

                                                 
70

  Other includes eight types of therapeutic types for which there are less than fifteen drugs in the 

dataset: (1) anti-histamine; (2) anti-inflammatory; (3) autonomic; (4) blood; (5) bone; (6) diagnostic 

agents; (7) eyes, ears, nose, and throat; and (8) skin. Because there are few of each type in the dataset, 

it is statistically difficult to measure the differences in the hazard of completing each. I combined them 

into a single category for analytic purposes. 
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 I include the other five categories with non-significant effects in the base category, 

and measure the effects of the indicators for anti-infective and gastrointestinal 

therapeutics relative all other types of therapeutics. Both have statistically significant 

negative effects in the full model (p < 0.01 for anti-infective therapeutics and p < 0.035 

for gastrointestinal therapeutics, Model F2, Table 8). The hazard is 42.92 % lower when 

developing an anti-infective therapeutic and 98.44 % greater when developing a 

gastrointestinal therapeutic than when developing other types of therapeutics. It takes 

longer to complete pre-clinical research when developing anti-infective and 

gastrointestinal therapeutics than other types. If fundamental knowledge about disease 

processes and drug targets for anti-infective and gastrointestinal therapeutics is less well 

developed than for other types of therapeutics, than a firm is likely to have to perform 

additional research to develop fundamental knowledge about the drug and effectively 

evaluate the therapeutic characteristics of the drug. As a result, a firm is likely to take to 

complete pre-clinical research when developing these types of therapeutics.  

 

Explanatory variables 

 I examine how three factors affect the hazard of completing a drug development 

project, controlling for the characteristics of the firm and the type of therapeutic 

developed: (1) the technical characteristics of the project; (2) the use of components 

generated by other entities; and (3) the R&D capabilities of the innovating firm. The 

results are presented in Table 8. 
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1. Technological characteristics of research project   

Previous research indicates that integrating multiple components to develop a new 

product is technologically difficult (Flemming and Sorenson 2004). Accordingly, I 

hypothesize that the hazard of completing a pre-clinical research project decreases as a 

function of the complexity of a pre-clinical research project, measured as the number of 

components integrated to generate a drug candidate. The number of drug components 

does not significantly affect the hazard (p < 0.771 in Model F2, Table 8). It does not take 

longer to complete a pre-clinical research project in which multiple components are 

integrated than to complete a simpler one in which fewer components are incorporated. 

Contrary to my hypothesis, it is not more difficult to evaluate the therapeutic 

characteristics of a drug based on multiple components than one based on fewer 

components. The difficulty of a pre-clinical research project is not defined by the number 

of components integrated to develop a drug candidate. 

 I also hypothesize that the hazard of completing a pre-clinical research project 

increases as a function of the difficulty of integrating components to generate a drug 

candidate, measured as the time taken to integrate the components.
71

 The time taken to 

integrate the components does not significantly affect the hazard (p < 0.417 in Model F2, 

Table 8). These results suggest that the time taken to complete a pre-clinical research 

project is not a function of the difficulty of integrating the drug components. Integrating 

drug components does not constitute a significant portion of the time spent on pre-clinical 

                                                 
71

 I measure the time taken to integrate the components as the number of days elapsed from the date on 

which the first application for a patent claiming a component is filed to the date on which the last one 

is filed, adjusted for the number of components integrated.  
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research. Most of the time spent on pre-clinical research involves evaluating the 

therapeutic characteristics of the drug.  

According to theories of organizational learning and technological innovation, it 

is easier to use incrementally innovative components to develop a drug than to use 

radically innovative ones. I hypothesize that the hazard of completing a pre-clinical 

research project is a function of the innovativeness of the drug components, which I 

measure as the mean number of citations to prior art made by the patented drug 

components. Patents claiming incrementally innovative components make more citations 

to prior art than patents claiming radically innovative components. The innovativeness of 

the components does not significantly affect the hazard (p < 0.866 in Model F2, Table 8).  

Firms do not take longer to complete a pre-clinical research project when they 

incorporate radically innovative components to develop a drug than when they 

incorporate incrementally innovative components. A firm does not use the general 

scientific knowledge upon which the drug components build to facilitate the efficient 

completion of pre-clinical research activities. These results suggest that a firm generates 

and applies idiosyncratic knowledge about the drug and its components to develop a drug 

to facilitate the efficient completion of pre-clinical research. 

The FDA designates a highly innovative drug that fulfills an unmet medical need 

a “priority.” Because a “priority” drug is the first of its type, a firm is likely to have a less 

thorough scientific understanding of the therapeutic characteristics of the drug and take 

longer to complete pre-clinical research. I hypothesize that the hazard of completing a 

pre-clinical research project is lower for an innovative “priority” drug than for a standard 
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one. The indicator for priority drugs does not significantly affect the hazard (p < 0.170 in 

Model F2, Table 8). It does not take longer to complete a pre-clinical research project 

involving a priority drug than to complete a project involving a standard drug. I do not 

find evidence that firms do not use scientific information about therapeutic effects of 

similar drugs to increase the efficiency of pre-clinical research projects. These results 

suggest that a firm uses idiosyncratic information about the therapeutic characteristics of 

the drug to facilitate the efficient completion of a pre-clinical research activities. 

 

2. The use of components generated by other entities 

 Previous research has found that the use of components generated by other 

entities increases the difficulty of innovation activities (Cohen and Levinthal 1990; 

Kessler et al. 2000; Katila and Ahuja 2002). I hypothesize that the time taken to complete 

a pre-clinical research project is a function of the extent to which the firm integrates 

components generated by other entities to develop a drug candidate. I use two alternative 

measures to analyze the effects of using components generated by other entities on the 

hazard of completing a pre-clinical research project. First, I use a binary indicator that is 

equal to one if at least one of the drug's components was generated by another entity 

(Model F1, Table 8). Second, I use the proportion of the drug components that were 

generated by other entities (Model F2, Table 8). Neither the use of at least one component 

generated by another entity nor the proportion of components generated by other entities 

has a statistically significant effect on the hazard (p < 0.208 in Model F1 and p < 0.25 in 

Model F2, Table 8). The time taken to complete a pre-clinical research project is not a 
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function of the use of components generated by other entities to develop a drug. These 

results suggest that it is not more difficult to integrate components and evaluate the 

therapeutic characteristics of a drug that is based on components generated by other 

entities than to evaluate one based on components generated through internal research. If 

entities perform extensive research to define the therapeutic effects and potential uses of 

the component before applying for a patent claiming the component, then the innovating 

firm that is developing the drug may use that information to increase the effectiveness 

and efficiency of pre-clinical research activities. If a firm has a comparable knowledge 

about the therapeutic characteristics and uses of components generated by other entities 

as it does about components generated through internal research, than a firm is likely to 

take as long to complete pre-clinical research when developing a drug based on 

components generated by other entities as it does when developing a drug based on 

components generated through internal research.  

 
To ascertain if the use of components generated by other firms affects the hazard 

differently than the use of components generated by academic institutions, I measure the 

extent to which the proportion of components generated by other firms and the proportion 

generated by academic research institutions affects the hazard (Model F3, Table 8). 

Neither the extent to which a drug is based on components generated by other firms not 

the extent to which the drug is based on components generated by academic research 

institutions has a significant effect on the hazard (p < 0.208 and p < 0.878, respectively in 

Model F3, Table 8). These results provide further evidence that the time taken to 
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complete a pre-clinical research project is not determined by the extent to which the drug 

is based on components generated by other entities.  

 
I compare the information criteria (Table 8) of the three models with alternative 

measures of the use of components generated by other entities, to determine which is 

superior. The Bayesian Information Criteria (BIC) for the model with the indicator for the 

use of a component generated by another entity (Model F1) and the model with the 

proportion of components generated by other entities (Model F2) are similar and smaller 

than the BIC for the model with the proportion of components generated by other firms 

and academic institutions (Model F3). Based on the information criteria, Models F1 and 

F2 are comparable and superior to Model F3. The statistical significance and magnitude 

of the effect of the other variables were comparable across the three alternative models. I 

use the proportion of components generated by other entities in subsequent analyses, 

since it is the most precise measure of the use of components generated by other entities.  

 

3. The firm's R&D Capabilities   

 Previous research indicates that firms develop knowledge and capabilities through 

previous research that enables them to complete subsequent R&D projects (Zucker et al. 

2002; Arora et al. 2009; Fabrizio 2009). I hypothesize that a firm's prior R&D 

investments positively affect the hazard of completing a pre-clinical research project. As 

noted above, I was only able to obtain a firm's R&D investments prior to the start of a 
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pre-clinical research project for 59 of the 163 research projects in this data set.
72  

As with 

the missing data on the number of employees, I used three strategies to replace the 

missing data on R&D investments. First, I replaced the missing value with the mean 

R&D investments prior to the start of the pre-clinical research project for firms founded 

in the same year. Second, I replaced the missing value with the 10
th

 percentile of R&D 

investments at the start of a pre-clinical research project for firms founded in the same 

year. Third, I simply replaced the missing value with 0.00001 million dollars. Regardless 

of how I replaced missing values, prior R&D investments do not significantly affect the 

hazard (p < 0.688 Model F2, Table 8). To simplify analyses, I use R&D investments with 

missing values replaced with the mean R&D investments for firms founded in the same 

year. To ascertain if R&D investments have a non-linear effect on the hazard, I include 

the square and log of R&D investments in separate models (results not presented here). 

Neither has a significant effect. These results suggest that firms do not use knowledge 

and capabilities generated through previous R&D to increase the efficiency of a pre-

clinical research project. Rather, firms primarily use idiosyncratic knowledge about the 

drug and its components to evaluate the therapeutic characteristics of a drug candidate in 

pre-clinical research. Broad measures of a firm's total knowledge and capabilities are not 

likely to precisely measure the knowledge and capabilities that a firm uses in individual 

pre-clinical research project.   

                                                 
72

 I obtained data on R&D investments from Compustat, which only has financial data on firms that are 

publicly traded on major markets. 
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 Previous research indicates that firms develop knowledge and capabilities through 

previous pre-clinical research that are likely to facilitate pre-clinical research (Arora et al. 

2009; Fabrizio 2009). Accordingly, I hypothesize that a firm's pre-clinical research 

capabilities, measured as the number of patents (in hundreds) issued to the firm, 

depreciated annually, increases the hazard of completing a pre-clinical research. 

However, a firm's pre-clinical research capabilities do not have a significant effect (p < 

0.947 in Model F2, Table 8). I also tested the square and log of the number of drug 

patents issued to the firm, but neither had a significant effect (results not presented here). 

The time taken to complete a pre-clinical research project is not a function of a firm's pre-

clinical research capabilities, measured as the number of drug patents issued to the firm. 

These results provide further evidence that scientific knowledge generated through 

previous R&D is not likely to be relevant to specific pre-clinical research project and 

does not facilitate efficient completion. A firm is likely to rely on specific knowledge 

about a drug and its components to complete a pre-clinical research project efficiently. 

 Firms also develop knowledge and capabilities that may facilitate the efficient 

completion of a pre-clinical research project through previous clinical development 

activities (Danzon et al. 2005; Chandy et al. 2006; Arora et al. 2009). Accordingly, I also 

hypothesize that a firm's clinical development capabilities, measured as the log of number 

of drugs developed by the firm, depreciated annually, would positively affect the hazard. 

A firm's clinical development capabilities do not significantly affect the hazard of 

completing a pre-clinical research project (p < 0.947 in Model F2, Table 8). Contrary to 

my hypothesis, firms do not use knowledge and capabilities amassed through previous 
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clinical development activities to increase the efficiency of individual pre-clinical 

research projects. Knowledge and capabilities amassed through clinical development are 

not relevant to pre-clinical research activities.  

 

Summary 

 The hazard of completing a pre-clinical research project does not appear to be a 

function of any of the technological characteristics of project. The time taken to complete 

a pre-clinical research project is not determined by the number of components used nor 

the innovativeness of the components. I do not find evidence that it takes longer to 

evaluate the therapeutic characteristics of a complex or radically innovative drug than a 

simple or incrementally innovative drug. These results suggest that the time taken to 

complete a pre-clinical research project is a function of the idiosyncratic technological 

characteristics of the drug developed.  

 I found that the hazard of completion is lower for anti-infective and 

gastrointestinal therapeutics than all other types of therapeutics. There are technical 

factors that are specific to anti-infective and gastrointestinal drugs that make it more 

difficult to evaluate the therapeutic characteristics of such drugs in pre-clinical research. 

Such factors may include an understanding of disease processes and specific drug targets, 

and the availability of animal models in which the drug can be effectively evaluated. 

These results further suggest that the time taken to complete pre-clinical research is 

largely determined by idiosyncratic characteristics of the drug.  
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 None of the measures of firm size significantly affect the hazard in the fully 

specified model. I find little evidence that the time taken to complete pre-clinical research 

is function of firm size. Larger or publicly owned firms, with more resources, are likely 

to take as long to complete a pre-clinical research project as smaller or privately owned 

firms with fewer resources. It is possible that most of a firm's resources are not relevant 

to a specific pre-clinical research project, and therefore, general access to resources does 

not confer advantages in performing a pre-clinical research project.  

 I find little evidence that a firm's experience and R&D capabilities affect the time 

taken to complete a pre-clinical research project. Age is the only characteristic of the firm 

that affects the hazard, but the effect is substantively small. Neither the firm's R&D 

investments, pre-clinical research experience or clinical development capabilities 

significantly affect the hazard. A firm is not able to use knowledge and capabilities 

generated through previous R&D activities to increase the efficiency of a pre-clinical 

research project. These results provide further evidence that general scientific knowledge 

and technological capabilities are not relevant to a specific pre-clinical research project. 

Firms primarily rely on knowledge and capabilities that are specific to the drug to 

complete a pre-clinical research project.  

 In the next chapter, I measure the hazard of completing a clinical development 

project, after the INDA was submitted to the FDA for permission to begin clinical 

development. Clinical development consists of a series of trials in which the safety and 

efficacy of the drug is evaluated in humans and culminates in regulatory review and 

approval by the FDA. Since pre-clinical research and clinical development are different 
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research activities, I anticipate that the technological characteristics of the project, the 

extent to which the drug is based on components generated by other entities, and the 

R&D of the firm will affect the hazard of completing a clinical development project 

differently than they affect the hazard of completing a pre-clinical research project.  
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CHAPTER 5: TIME TAKEN TO COMPLETE CLINICAL DEVELOPMENT  

 

 

 In this chapter, I examine the hazard of completing a late-stage clinical 

development project. I analyze how three sets of factors affect the hazard of completing a 

clinical development project: (1) the technological characteristics of the development 

project; (2) the extent to which the drug is based on components generated by other firms 

and academic research institutions; and (3) the firm's R&D capabilities at the start of the 

development project, while controlling for other firm characteristics, the type of 

therapeutic developed, and exogenous technological factors and policies in place when 

the project was initiated. Table 3 presents the descriptive statistics and Table 10 presents 

pair-wise correlations for each variable.  

 I use a Cox hazard model to test hypotheses about how each set of factors affects 

the time taken to complete a drug development project (Model 2). 
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Model 2: Cox hazard model  

log H (tij) = h0 (tij) + β Cij + β Xij + β Pij + β Fij  

H (tij) = probability that drug development project (j) was completed by firm (i) at time 

(t)  

h0 (tij) = baseline probability of drug development project being completed over time, 

with unspecified distribution  

Cij = vector of controls (firm characteristics and type of therapeutic) 

Xij = technological characteristics of the project 

Pij = use of patented components generated by other entities 

Fij = R&D capabilities of the firm at the start of the project 

 

A hazard function consists of a baseline function and a combination of explanatory 

variables that increase or decrease the baseline hazard. Preliminary analyses indicate that 

the baseline hazard function varies according to the year in which the project was 

initiated. I begin by describing how the baseline hazard and cumulative hazard vary 

across cohorts of projects initiated in the same year. To control for the technological and 

policy context in which the project was initiated, I construct a Cox hazard model that is 

stratified by the year in which the project was initiated.  

 The coefficient of each variable can be interpreted as the effect of a unit increase 

in the variable on the log hazard. When I use the log of a variable, it is interpreted as the 

effect of a one percent increase in the covariate on the log hazard. For ease of 

interpretation, I convert the coefficient into a hazard ratio by taking the anti-log of the 
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coefficient and then calculate the percent
 
change in the hazard ratio from a unit increase 

in the variable by subtracting one from the hazard and multiplying by one hundred [100* 

(eβ - 1)]. The hazard ratio is the percentage increase in the hazard for a unit (or one 

percent) increase in the covariate. A decrease in the hazard correlates with longer times to 

completion, while an increase in the hazard correlates with shorter times to completion. 

 This chapter is organized as follows. I begin by describing the baseline hazard and 

cumulative hazard functions of cohorts of drug development projects initiated in the same 

year. Second, I discuss the characteristics of the firm and drug for which I control and, 

then the effects of the three sets of explanatory variables. I conclude by summarizing the 

statistically important factors that affect the baseline hazard of completing a drug 

development project.   

 

Description of the baseline hazard and survival functions by initiation year 

  The hazard function describes the probability that an ongoing clinical 

development project is completed on each day. A higher hazard reflects a greater 

probability of completion, while a lower hazard reflects a smaller probability of 

completion. Figure 5 illustrates the hazard function for cohorts of projects initiated in the 

same years.
73

 The day on which the hazard function of each cohort begins is defined by 

the day on which the first project in that cohort is completed and the day on which it ends 

                                                 
73

 Since the hazard function is conditional on the project being under development, it is likely to be 

decline rapidly after most projects have been completed and few remain under development. 

Moreover, the cumulative hazard function remains constant in periods when few projects are 

completed. I account for the effect of sample size on the cohort-specific hazard and cumulative hazard 

functions, by constructing cohorts of similar size.  
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is defined by the day on which the last project in that cohort is completed. Each cohort 

has a unique hazard function that is characterized by periods in which the hazard is 

increasing and decreasing. The hazard functions of the first three cohorts increase at 

moderate rates for several thousand days, then decline before increasing rapidly at the 

end. The hazard functions for fifth and sixth cohorts (1994 - 1995 and 1996 - 1997) 

remain fairly constant for the first several thousand days and then increase through the 

end, while the hazard of the last cohort (1998 - 2003) continuously increases at a rapid 

rate. The observed differences in the shape of the hazard functions of cohorts of clinical 

development projects suggest that the time taken to complete a clinical development 

project is a function of the year in which the project was initiated and has changed over 

time. 

 The cumulative hazard function describes the probability that a project is 

completed at some time less than or equal to t. It describes the integral of the underlying 

(instantaneous) hazard function over time. Figure 6 illustrates the cumulative hazard 

functions for cohorts of projects initiated in the same years. The observed differences in 

the rate at which the cumulative hazard of each cohort increases reflect differences in the 

rates at which the (instantaneous) hazard for the cohort increases and decreases. The 

cumulative hazard for the fifth cohort (1994 - 1995) initially increases faster than the 

cumulative hazards for the other cohorts. After 3,000 days, the cumulative hazard for the 

last cohort (1998 - 2003) increases faster than the others, while the cumulative hazard for 

the fifth cohort (1994 - 1995) plateaus. The cumulative hazards of the middle cohorts 

(1989 - 1990; 1991; 1992 - 1993; 1996 - 1997) increase at similar rates, while the 



 

 106 

cumulative hazard for the first cohort (1981 - 1988) increases at a slower rate than the 

others. The observed differences in the cumulative hazard functions provide further 

suggests that the time taken to complete a clinical development project has declined since 

1981.  

 I performed a log rank test of equality to determine to determine whether the 

observed differences in the hazard functions were statistically significant.  The chi-square 

statistic (15.31 with six degrees of freedom) is significant (p = 0.018), which indicates 

that the hazard functions of the cohorts of clinical development projects are different. 

Accordingly, I model the time taken to complete clinical development, from the date on 

which the INDA was submitted to the date on which the drug was approved, controlling 

for the year in which the development project was initiated.  

 The observed differences in the hazard and, by extension, the time taken to 

complete a clinical development project across cohorts may be due to changes in how 

firms use S&T knowledge in clinical development. Over time, firms acquire better 

scientific knowledge about the therapeutic characteristics of a drug. They may use 

improved S&T knowledge to select higher quality drug candidates for development and 

to design more effective clinical trials. When a firm is better able to use S&T knowledge 

in such clinical development activities, they are less likely to encounter major problems 

during development and, as a result, take less time to complete clinical development. 

However, the ability to use S&T knowledge effectively is developed over time through 

experience in using S&T advances in R&D activities (Cohen and Levinthal 1990; Arora 

et al. 2009). Thus, the observed differences in the time taken to complete clinical 
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development may be due to improvements in a firm's ability to use recently generated 

S&T knowledge to increase the effectiveness and efficiency of clinical development 

activities.  

 Changes in regulatory policies and clinical development may also have 

contributed to the observed trends in the time taken to complete clinical development. 

Through the Drug Price Competition and Patent Term Restoration Act of 1984, the FDA 

may grant a firm the exclusive right to market a novel drug for a period of time based on 

the amount of time spent on clinical development and regulatory review (Schacht and 

Thomas 2000; Eisenberg 2007). Market exclusivities granted by the FDA are independent 

of patent rights. As a result, such market exclusivities mitigate the need to accelerate 

clinical development and gain market approval before a patent expires in order to secure 

an exclusive right to market a drug. When developing a novel drug that qualifies for 

market exclusivity, a firm has the opportunity to pursue a more complex clinical 

development strategy without losing market exclusivity.
74

 The observed variation in the 

time taken to complete clinical development across cohorts may reflect how firms adapt 

their clinical development strategies to capitalize on opportunities to gain market 

exclusivity.  

 

 

 

                                                 
74

 A drug is eligible for market exclusivity if it is based on a new molecular entity that has not been 

previously used to develop a drug (Eisenberg 2007). A patent is eligible for an extension if the patent 

has not been used to develop another drug and the drug based on the patent was developed and 

submitted for approval as a New Drug Application (NDA). 
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Results of Cox hazard analyses 

 Controls 

 I begin by discussing the effects of two sets of controls on the hazard of 

completing a drug development project: (1) the characteristics of the firm; and (2) the 

type of therapeutic developed. Table 11 presents the results of the control model, 

stratified by project initiation year with robust standard errors clustered by firm. 

 

1. The characteristics of the firm  

 I use a firm's age at the start of a clinical development project to control for a 

firm's general experience and other age-related factors (Model C4, Table 11).
75, 76

 Age 

does not significantly affect the hazard (p <0.994 in Model C4; p < 0.164 in Model F5, 

Table 11 ). To ascertain whether age has a non-linear effect on the hazard, I also included 

the square of age (results not presented here). Neither the age nor age-squared are 

significant. Since several firms were founded after the clinical development project 

began, the year in which the firm was founded may more precisely controls for the 

experience and age-related factors.  Nonetheless, the year in which the firm was founded 

does not significantly affect the hazard either (p < 0.895 in Model C5, Table 11). I use 

age to control for experience in subsequent analyses, as is conventional in research on 

                                                 
75

 For 17 clinical development projects, the firm was not founded at the start of the project. Such firms 

may be new biotechnology firms or spin-offs formed to develop a drug based on a component that was 

patented earlier. I coded the age of these firms as zero. 
76

 If the firm that developed the drug was formed through a merger, I use the founding year of the oldest 

firm to calculate the age of the firm at the start of the research project.  
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innovation and productivity.
77

 These results suggest that general age-related knowledge 

and capabilities acquired through experience do not facilitate the efficient completion of 

clinical development activities. 

  To control for size and slack resources, I used two variables. The first was a 

binary indicator that is equal to one if a firm was publicly traded at the start of a clinical 

development project and equal to zero if it was privately owned. At the start of 105 of 

189 clinical development projects, the firm was publicly-owned (Table 4). The public 

status of a firm at the start of a clinical development project does not significantly affect 

the hazard (p < 0.672 in Model C4 and p < 0.621 in Model F5, Table 11). Privately 

owned firms take as long to complete a clinical development project as publicly owned 

firms. These results suggest that privately owned firms are not disadvantaged by the lack 

of resources, compared to publicly owned firms. 

 I also control for the size of the firm using the number of employees (in 

thousands) at the innovating firm when a clinical development project was initiated. 

However, I was only able to obtain data on employees for 87 of the 189 clinical 

development projects in this data set.
78

 I applied three alternative strategies to replace the 

missing employee data. First, I replaced the missing value with the mean number of 

employees at the start of the clinical development project for firms founded in the same 

year. Second, I replaced the missing value with the 10
th

 percentile of the number of 

employees at the start of a clinical development project for firms founded in the same 

                                                 
77

 I used information criteria (AIC and BIC) to compare models with age and founding year. The 

similarity of the information criteria indicates that the two measures of age are comparable. 
78

 I obtained data on the number of employees at a firm from Compustat, which includes data from firms 

that are publicly traded at major stock exchanges.   
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year. Third, I simply replaced the missing value with 0.0001 (equal to one employee). I 

observe similar effects, regardless of how I replace missing values. To simplify 

subsequent analyses, I  use the mean number of employees for firms founded in the same 

year to replace missing values. The number of employees had a statistically significant 

positive effect (p < 0.008) in the control model (C4, Table 11). To ascertain whether the 

number of employees has a non-linear effect on the hazard, I tested the square and log of 

the number of employees in separate models. Neither is significant (results not shown 

here). However, in the full model, the number of employees does not have a significant 

effect (p < 0.169 in Model F5, Table 11). The lack of significance in the full model may 

be attributed to correlations between the number of employees and other covariates 

included in the full model. To determine whether the number of employees at the firm has 

a statistically important effect on the hazard, I performed a likelihood ratio test 

comparing a full model with the number of employees to a full model that excluded the 

number of employees. The likelihood ratio (0.0025 with one degree of freedom) is 

statistically significant (p < 0.04), which indicates that the number of employees has a 

statistically important effect on the hazard. Larger firms have greater resources and 

expertise that may be leveraged to increase the effectiveness and efficiency of clinical 

development activities.  

 I obtained data on the number of employees and R&D expenditures for 87 of 189 

clinical development projects from Compustat. To determine whether the firms and 

projects for which I have data on employees and R&D expenditures are statistically 

different from those for which I do not have data, I constructed a binary variable 
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indicating if such data were missing. This indicator reflects differences in size and firm 

characteristics that are correlated with the availability of data on the employees and R&D 

investments from Compustat. The indicator has a statistically significant positive effect in 

the control model (p < 0.085 in Model C4, Table 11), which indicates that the clinical 

development projects for which I have data on the number of employees at the start of the 

project are different from those for which I do not have such data. However, the indicator 

does not have a significant effect in the full model (p < 0.173 in Model F5, Table 11). The 

lack of significance in the full model indicates that the differences between the projects 

for which I have data are the projects for which I do not are accounted for by other 

covariates included in the full model. Therefore, I am able to replace missing data on 

employees and R&D expenditures to accurately measure the effects of each on the hazard 

of completing a drug development project.  

 Firms headquartered outside of North America may be less familiar with FDA 

regulatory requirements and as a result may take longer to complete a clinical 

development project. To control for how the characteristics of a firm associated with the 

location of its headquarters might affect the speed with which the firm completes a 

clinical development project, I include a binary indicator that is equal to one if a firm was 

headquartered in North America and zero if headquartered elsewhere. Table 5 presents 

the number of firms headquartered in each region. The indicator has a statistically 

significant negative effect (p < 0.028 in Model C4 and p < 0.064 in Model F5, Table 11). 

The hazard of completion is 32.8% lower for projects performed by firms headquartered 

North America than for projects performed by firms headquartered in Europe, Asia or 
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Australia. Firms headquartered in Europe, Asia or Australia take longer to complete a 

clinical development project, than firms headquartered in North America. Firms 

headquartered outside of North America may face additional challenges in designing and 

performing clinical trials to fulfill the US FDA regulatory requirements.  

 

2. The type of therapeutic developed 

 Previous research indicates that the time taken to complete a clinical development 

project varies according to the underlying therapeutic characteristics of the drug 

developed (Dranov and Meltzer 1994; Reichert 2003). Accordingly, I control for the type 

of therapeutic developed. The numbers of each type of therapeutic developed are 

presented in Table 6. I compare the effects of six categories on the hazard.
79

 The results 

of the control model with the six indicators for therapeutic types are presented in Table 

12. Only the indicators for anti-neoplastic and central nervous system (CNS) therapeutics 

have statistically significant effects on the hazard. It is likely to take longer to develop 

anti-neoplastic and CNS therapeutics than all other types of therapeutics.  

 I include the four types of therapeutics with non-significant effects in the base 

category, and measure the effects of anti-neoplastic and CNS therapeutics relative to all 

other types of therapeutics. The control model with the indicators for anti-neoplastic and 

CNS therapeutics are presented in Model C4 (Table 11). While the indicator for CNS 

therapeutics has a statistically significant effect in the control model (p < 0.036, in Model 

                                                 
79

 I use “other” as the base category. This category includes eight types of therapeutics for which there 

are less than ten drugs in the dataset: (1) anti-histamine; (2) anti-inflammatory; (3) autonomic;  

(4) blood; (5) bone; (6) diagnostic agents; (7) eyes, ears, nose, and throat; and (8) skin 
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C4, Table 11), the indicator for anti-neoplastic therapeutics does not have a significant 

effect in the control model (p < 0.109 in Model C4, Table 11). Neither the indicator for 

CNS therapeutics nor the one for anti-neoplastics has a significant effect in the full model 

(p < 0.108 and p < 0.207, respectively in Model F5, Table 11). The hazard is 31.8% lower 

for CNS therapeutics and 29.32% lower for anti-neoplastic therapeutics than all other 

types. It is likely to take longer to complete clinical development for  CNS and anti-

neoplastic therapeutics, but the effect may be explained, in part, by other technological 

characteristics of the project that are included in the full model.  

 

Explanatory variables 

 I examine how three factors affect the hazard of completing a drug development 

project, controlling for the characteristics of the firm and the type of therapeutic 

developed: (1) the technical characteristics of the project; (2) the use of components 

generated by other entities; and (3) the R&D capabilities of the innovating firm. The 

results are presented in Table 11. 

 

1. The technological characteristics of development project   

 A firm begins clinical development for a drug after it has elucidated the 

therapeutic characteristics of the drug in pre-clinical research. Since the criteria used to 

evaluate the therapeutic characteristics of a drug are independent of the complexity of the 

drug, measured as the number of components integrated to develop the drug, I 

hypothesize that the hazard of completing a clinical development project is not affected 
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by the number of components integrated to develop the drug in pre-clinical research. The 

number of components integrated to develop the drug does not significantly affect the 

hazard of completing a clinical development project (p < 0.391 in Model F5, Table 11). 

The technological difficulties of developing a complex drug with multiple components 

are likely to be resolved in pre-clinical research and not affect the time taken to complete 

clinical development.  

 A firm acquires knowledge about the likely therapeutic characteristics of a drug 

during pre-clinical research and may use such knowledge to facilitate clinical 

development. I use the time taken to complete pre-clinical research to measure the 

amount of information about the therapeutic characteristics of the drug generated through 

pre-clinical research. Accordingly, a firm that takes longer to complete pre-clinical 

research is likely to have a better understanding of the therapeutic characteristics of a 

drug and therefore take less time to complete clinical development than a firm that took 

less time to complete pre-clinical research and has a less extensive understanding of the 

therapeutic characteristics of the drug. I hypothesize that the hazard of completing a 

clinical development project increases as a function of the time taken to complete pre-

clinical research. I find that the time taken to complete pre-clinical research has a 

significant positive effect on the hazard (p < 0.001 in Model F5, Table 11). The hazard of 

completion increases by 0.8% for an additional 30 days spent on pre-clinical research. A 

firm takes less time to complete clinical development when it spends more time on pre-

clinical research. These results suggest that firms develop knowledge about the 
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therapeutic characteristics of a drug during pre-clinical research that may be used to 

decrease the time taken to complete clinical development.  

 Incrementally innovative drug candidates incorporate components that build more 

extensively on mature scientific knowledge than radically innovative drugs. If a firm uses 

existing scientific knowledge about the drug to pursue more efficient clinical 

development strategies, than a firm is likely to take less time to complete clinical 

development when developing incrementally innovative drugs than when developing 

radically innovative drugs. I hypothesize that the hazard of completing a clinical 

development of the drug decreases as a function of the innovativeness of the drug, 

measured as the average number of citations made to prior art by patents claiming 

components of the drug.
80

 The innovativeness of the drug components has a small, but 

marginally significant positive effect on the hazard (p < 0.089 in Model F5 in Table 11). 

The hazard increases by 0.2% for a unit increase in the extent to which the components 

build on existing scientific knowledge, measured number of citations made to prior art by 

the components of the drug. As I hypothesized, it takes less to complete clinical 

development when the drug is based on incrementally innovative components than when 

the drug is based on radically innovative components. Thus, I find further evidence that 

firms use existing scientific knowledge about a drug to decrease the time taken to 

complete a clinical development project. 

                                                 
80

 The (patented) components of radically innovative drugs make few citations to prior art patents, 

whereas the (patented) components of incrementally innovative components make more citations to 

prior art.  
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 A firm may use information about the therapeutic characteristics and effects of 

similar drugs to increase the effectiveness and efficiency of clinical development 

activities. When a firm develops a novel “priority” drug that fulfills an unmet medical 

need, there is little, if any, information about the therapeutic characteristics of similar 

drugs that the firm may use to inform clinical development. As a result, it is likely to be 

more difficult to develop a novel drug designated by the FDA as a “priority” drug, than to 

develop a standard non-priority drug that is similar to existing drugs (Dranov and Meltzer 

1994; Cockburn 2004).  I hypothesize that the hazard of completing a clinical 

development project is lower for priority drugs than for standard drugs and use a binary 

indicator that is equal to one if the drug was designated a “priority” and equal to zero if 

not. Contrary to my hypothesis, the indicator for drugs that were designated a “priority” 

does not have a statistically significant effect on the hazard (p < 0.742 in Model F5, Table 

11). It takes as long to complete clinical development for a “priority” drug as it does to 

complete clinical development for a standard drug. The observed similarity in the time 

taken to develop highly innovative priority drugs and incrementally innovative standard 

drugs may be due to the overarching regulatory requirements concerning the safety and 

efficacy of the drug that must be fulfilled in accordance with FDA regulatory 

requirements.  

 

2. The use of components generated by other entities 

  A firm uses knowledge about the therapeutic characteristics of a drug generated 

through pre-clinical research to select drugs for clinical development and inform clinical 
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development activities. If the criteria used to evaluate the therapeutic characteristics of a 

drug and select promising ones for clinical development are independent of the extent to 

which a drug is based on components generated by other entities use, then a firm is likely 

to have as good an understanding of the therapeutic characteristics of a drug that is based 

on internally generated components as it does of a drug that is based on components 

generated by other entities. Accordingly, the knowledge about the therapeutic 

characteristics of the drug developed through pre-clinical research for drugs based on 

internally generated components will be as good as the knowledge generated through pre-

clinical research for a drug based on components generated by other entities. I 

hypothesize that the time taken to complete clinical development is not a function of the 

extent to which the drug is based on components generated by other entities. I use two 

alternative measures to analyze the effects of using components generated by other 

entities on the hazard of completing clinical development. First, I use a binary indicator 

that is equal to one if at least one of the drug's components was generated by another 

entity to determine whether or not the use of an externally generated component affects 

the hazard (Model F4 Table 11).
 
Second, I use

 
the proportion of the drug components that 

were generated by another entity to measure how the extent to which a drug is based on 

components generated by other entities affects the hazard (Model F5 Table 11). Neither 

the indicator for the use of an externally generated component nor the proportion of 

externally generated components has a statistically significant effect on the hazard (p < 

0.595 in Model F4 and p < 0.232 in Model F5, Table 11). These results indicate that the 

time taken to complete a clinical development project is independent of the extent to 
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which the drug is based on components generated by other entities, as I hypothesized. A 

firm is likely to have as good an understanding of the therapeutics characteristics of a 

drug based on internally generated components as it does of the characteristics of a drug 

based on externally generated components.  

 Previous research suggests that firms and academic research institutions generate 

qualitatively different types of S&T advances (Sapsalis et al. 2006; Fabrizio 2007). I also 

examined whether the hazard of completing a clinical development project was 

determined by the extent to which a drug candidate is based on components generated by 

other firms and the extent to which it is based on components generated by academic 

research institutions, relative to the use of internally generated components (Model F6, 

Table 11). Neither the proportion of components generated by other firms, nor the 

proportion of components generated by academic research institutions significantly 

affects the hazard (p < 0.157 and p <0.657, respectively in Model F3, Table 11). These 

results provide further evidence that the time taken to complete clinical development is 

not determined by the extent to which the drug is based on components generated by 

other entities.   

 
I used information criteria (AIC and BIC) to compare the three measures of the 

use of components generated by other entities (Table 11). The model with the proportion 

of components generated by other entities (Model F5) has a slightly smaller AIC and BIC 

than Models F4 and F6, which indicates that it is the superior model. Nonetheless, the 

statistical significance and magnitude of the effects of the other variables were 
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comparable across the three alternative models. To simplify subsequent analyses, I use 

the proportion of components generated by other entities.  

 

3. The R&D capabilities of the innovating firm  

 Previous research indicates that firms that invest in R&D develop knowledge and 

capabilities that enable them to develop more new products and take less time to 

complete development (Cohen and Levinthal 1990; Bierly and Chakrabarti 1996; 

Cockburn and Henderson 2001; Fabrizio 2009). I hypothesize that a firm's prior R&D 

investments positively affect the hazard that a clinical development project is completed. 

As noted above, I was only able to obtain a firm's R&D investments prior to the start of a 

pre-clinical research project for 87 of the 189 research projects in this data set.81 As with 

the missing data on the number of employees, I used three strategies to replace the 

missing data on R&D investments. First, I replaced the missing value with the mean 

R&D investments prior to the start of the pre-clinical research project for firms founded 

in the same year. Second, I replaced the missing value with the 10th percentile of R&D 

investments at the start of a pre-clinical research project for firms founded in the same 

year. Third, I simply replaced the missing value with 0.00001 million dollars. I observed 

similar effects using all three strategies to replace missing data (results not shown). To 

simplify subsequent analyses, I use the mean the mean R&D investments for firms 

founded in the same year to replace missing values. A firm's previous R&D investments 

                                                 
81

 The indicator for missing data is not statistically significant. The firms and projects for which I have 

data on prior R&D investments are not different from those for which I am missing data.  
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have a significant positive effect on the hazard (p < 0.097 in Model F5, Table 11). The 

hazard increases 0.01% for each additional million dollars invested in R&D, prior to 

initiating a clinical development project. To determine whether the effect of R&D 

investments is non-linear, I also included the square and log of R&D investments (results 

not shown). Neither has a significant effect, which indicates that the effect of R&D 

investments on the hazard is linear. A firm that has invested more in R&D is likely to take 

less time to complete a clinical development project than a firm that has invested less in 

R&D prior to beginning a clinical development project. These results suggest that firms 

generate knowledge and capabilities through previous R&D activities that enables them 

to perform subsequent clinical development activities more efficiently.   

 
A firm amasses scientific knowledge through previous pre-clinical research 

activities that enables it to evaluate and select quality drug candidates for clinical 

development more effectively (Chandy et al. 2006; Arora et al. 2009). Accordingly, a firm 

with greater pre-clinical research capabilities is likely to select higher quality drug 

candidates for development, and as a result, encounter fewer technical problems during 

clinical development. If a firm encounters fewer technical problems during development, 

it is likely to take less time to complete clinical development. I hypothesize that a firm's 

pre-clinical research experience, measured as the number (depreciated) of drug patents 

issued to the firm, positively affects the hazard of completing a clinical development 

project. A firm's pre-clinical research capabilities have a significant non-linear effect on 

the hazard. The linear term has a negative effect, while the quadratic term has a 

significant positive effect (p < 0.078 and p < 0.020, respectively in Model F5, Table 11). 
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The hazard of completing a clinical development project decreases by 13.4% as a firm's 

pre-clinical research experience increases, to a point, and then the hazard increases 

slightly (1.2%) with increasing pre-clinical research capabilities. Firms with greater pre-

clinical research capabilities take longer to complete clinical development than those with 

less extensive pre-clinical research capabilities. These results indicate that pre-clinical 

research capabilities adversely affect the efficiency with which a firm completes a 

clinical development project. Firms with extensive pre-clinical research capabilities are 

likely to allocate more resources to pre-clinical research projects than clinical 

development projects (Arora et al. 2009). As a result, firms with extensive pre-clinical 

research capabilities are likely to take longer to complete a clinical development project. 

The observed pattern reflects the specialization of pharmaceutical firms in either pre-

clinical research or clinical development.  

 
Previous research indicates that firms develop knowledge and capabilities through 

previous clinical development activities that facilitate the effective and efficient 

completion of subsequent clinical development activities (Danzon et al. 2005; Arora et al. 

2009). I hypothesize that a firm's clinical development experience, measured as the 

number of drugs (depreciated) developed by the firm, positively affects the hazard of 

completing a clinical development project. The log of the number of drugs developed by 

a firm has a positive marginally significant effect on the hazard of completing a clinical 

development project (p < 0.097 in Model F5, Table 11). The hazard increases by 16.5% 

for a percentage increase in clinical development capabilities. A firm with extensive 

clinical development capabilities is likely to take less time to complete a clinical 
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development project that firms with less extensive clinical development capabilities. 

These results suggest that firms acquire knowledge and capabilities through previous 

clinical development activities that facilitates the efficient completion of a clinical 

development project. 

 

Summary 

 
Two technological characteristics of a clinical development project affect the 

hazard: the time spent on clinical development and the innovativeness of the drug 

components. Both measures reflect scientific knowledge about the therapeutic 

characteristics of the drug that may be used in clinical development. The significant 

positive effects of each suggest that firms use knowledge generated through upstream 

pre-clinical research and the scientific knowledge about the components to increase the 

efficiency and decrease the time taken to complete clinical development activities. Thus, 

scientific knowledge about the therapeutic characteristics of the drug is an important 

input to a clinical development project.  

 
A firm's R&D capabilities significantly affect the hazard of completing a clinical 

development project. Although a firm's previous total R&D investments have a very 

small positive effect on the hazard, a firm's previous preclinical research and clinical 

development capabilities have opposing effects. A firm with extensive clinical 

development capabilities is likely to take less time to complete a clinical development 

project than firms with less clinical development capabilities. These results suggest that 

knowledge and capabilities amassed through experience in clinical development facilitate 



 

123 

subsequent clinical development projects. Conversely, a firm with extensive pre-clinical 

research capabilities is likely to take longer to complete a clinical development project 

than firms with less extensive pre-clinical research capabilities. Firms with extensive pre-

clinical research capabilities are likely to allocate fewer resources to clinical development 

projects than pre-clinical research projects. Because they do not focus resources on a 

clinical development project, they are likely to take longer to complete clinical 

development projects than firms that have pursued fewer pre-clinical research projects.   

These results provide further evidence that firms specialize in either pre-clinical research 

or clinical development. To complete a clinical development project efficiently, a firm 

needs knowledge and capabilities acquired through experience in clinical development, 

but not pre-clinical research. 

 
In the next chapter, I analyze the hazard of completing an entire drug 

development project, after the first application for a patent claiming a component of the 

drug was filed. The entire drug development project includes all pre-clinical research 

performed after the first patent application was filed and clinical development. 

Accordingly, the technological characteristics of the drug and the R&D capabilities of the 

firm that affect the hazards of completing a pre-clinical research and clinical development 

are likely to also affect the hazard of completing the entire drug development project. 
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CHAPTER 6: TIME TAKEN TO COMPLETE DRUG DEVELOPMENT 

 

 

 I examine the hazard of completing an entire drug development project, which 

includes all pre-clinical research and clinical development performed after the first patent 

claiming a component of the drug was filed, until the drug is approved by the FDA for 

marketing. I analyze how three sets of factors affect the hazard of completing a drug 

development project: (1) the technological characteristics of the components of the drug; 

(2) the use of components generated by other firms and academic research institutions; 

and (3) the firm's R&D capabilities at the start of the R&D project, while controlling for 

other firm characteristics, the therapeutic characteristics of the drug, and exogenous 

technological factors and policies in place when the project was initiated. Table 3 

presents the descriptive statistics and Table 12 presents pair-wise correlations for each 

variable.  

 I use a Cox hazard model to test hypotheses about how each set of factors affects 

the time taken to complete a drug development project (Model 3). 
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Model 3: Cox hazard model  

log H (tij) = h0 (tij) + β Cij + β Xij + β Pij + β Fij  

H (tij) = probability that drug development project (j) was completed by firm (i) at time 

(t)  

h0 (tij) = baseline probability of drug development project being completed over time, 

with unspecified distribution  

Cij = vector of controls (firm characteristics and type of therapeutic) 

Xij = technological characteristics of the project 

Pij = use of patented components generated by other entities 

Fij = R&D capabilities of the firm at the start of the project 

 

A hazard function consists of a baseline function and a combination of explanatory 

variables that increase or decrease the baseline hazard. Preliminary analyses indicate that 

the baseline hazard function varies according to the year in which the project was 

initiated. I begin by describing how the baseline hazard and cumulative hazard vary 

across cohorts of projects initiated in the same year. To control for the technological and 

policy context in which the project was initiated, I construct a Cox hazard model that is 

stratified by the year in which the project was initiated.  

 
The coefficient of each variable can be interpreted as the effect of a unit increase 

in the variable on the log hazard. For ease of interpretation, I convert the coefficient into 

a hazard ratio by taking the anti-log of the coefficient and then calculate the percent 

change in the hazard ratio from a unit increase in the variable by subtracting one from the 
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hazard and multiplying by one hundred [100* (eβ - 1)]. The hazard ratio is the percentage 

increase in the hazard for a unit increase in the covariate.82 A decrease in the hazard 

correlates with longer times to completion, while an increase in the hazard correlates with 

shorter times to completion. 

 This chapter is organized as follows. I begin by describing the baseline hazard and 

cumulative hazard functions of cohorts of clinical development projects initiated in the 

same year. Second, I discuss the characteristics of the firm and drug for which I control 

and, then the effects of the three sets of explanatory variables. I conclude by summarizing 

the statistically important factors that affect the baseline hazard of completing a drug 

development project.   

 

Description of the baseline hazard and survival functions by initiation year 

 The hazard function describes the instantaneous probability that a drug 

development project is completed on each day and indirectly indicates the time taken to 

complete the project. A higher hazard reflects a greater probability of completion at a 

point in time, while a lower hazard reflects a smaller probability of completion. Figure 7 

illustrates the hazard function for cohorts of projects initiated in the same years.
83

 The 

day on which the hazard function of each cohort begins is defined by the day on which 

                                                 
82

 When I use the log of a variable, it is interpreted as the effect of a one percent increase in the covariate 

on the log hazard. 
83

 Since the hazard function is conditional on the project being under development, it is likely to be 

decline rapidly after most projects have been completed and few remain under development. 

Moreover, the cumulative hazard function remains constant in periods when few projects are 

completed. I account for the effect of sample size on the cohort-specific hazard and cumulative hazard 

functions, by constructing cohorts of similar size.  
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the first project in that cohort is completed and the day on which the hazard ends is 

defined by the day on which the last project in that cohort is completed. Each cohort has a 

unique hazard function that is characterized by periods in which the hazard is increasing 

or decreasing. For most cohorts, the hazard function increases at a fairly constant rate for 

the first 4,000 days and then continues to increase at an increasing rate through the end. 

However, the initial rates of increase and the subsequent accelerations are different for 

each cohort. The hazards of the first (1978 - 1988) and last (1988 - 1989) cohorts follow a 

different pattern in which the hazard peaks around 4,000 days, declines for a period and 

then increases to a second peak at the end. The observed differences in the hazard 

functions across cohorts of projects indicate that the time taken to a complete drug 

development has changed over time. 

 The cumulative hazard function describes the probability that a project is 

completed at some time less than or equal to t. It describes the integral of the underlying 

(instantaneous) hazard function over time. Figure 8 illustrates the cumulative hazard 

functions for cohorts of projects initiated in the same years. The observed differences in 

the rate at which the cumulative hazard of each cohort increases reflect differences in the 

rates at which the (instantaneous) hazard for the cohort increases and decreases. The 

cumulative hazard for the first cohort (1978 - 1987) increases slower than all others, due 

to the low initial hazard and relatively slow rate of increase. For most of the other 

cohorts, the cumulative hazard functions increase at similar rates for the first 4,000 days 

and diverge thereafter. The initial similarity in the cumulative hazard rates reflects the 

similar initial rates at which the (instantaneous) hazard functions increase across cohorts.  
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 I tested the equality of the cohorts' hazard functions to determine whether the 

observed differences in the hazard functions were statistically significant. The chi-square 

statistic (26.02 with eight degrees of freedom) is statistically significant (p = 0.001). 

These results indicate that the hazard of completion is a function of the year in which the 

drug development project was initiated. Accordingly, I model the time taken to complete 

clinical development, from the date on which the INDA for was submitted to the date on 

which the drug was approved, controlling for the year in which the project was initiated.  

 The differences in the time taken to complete clinical development over time may 

be attributed to broad improvements in scientific knowledge. Over time, the scientific 

community's understanding of disease processes and drug targets improves. Accordingly, 

firms are likely to apply better knowledge about disease processes and integrate 

qualitatively superior S&T components to identify and develop new drugs. The use of 

better knowledge is likely to improve the effectiveness and efficiency of drug 

development activities. It is also likely that all firms generally develop better 

foundational scientific knowledge and technological capabilities over time that enables 

them to apply S&T advances more effectively and efficiently. Broad improvements in 

fundamental scientific knowledge may contribute to the observed changes in drug 

development time across the industry.  

 Recent changes in intellectual property and drug regulatory policy may also 

contribute to changes in the time taken to complete drug development. I define the 

beginning of a drug development project as the date on which the first patent claiming a 

component of the drug was filed. Accordingly, a firm will appear to take less time to 
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develop a drug when it applies for a patent later during pre-clinical research. Through the 

Drug Price Competition and Patent Term Restoration Act (1984), the US Patent and 

Trademark Office may
 
grant extensions for patents claiming the key components of a new 

drug based on the amount of time spent on clinical development (Schacht and Thomas 

2000; Eisenberg 2007). A patent must be issued before the drug was approved and be 

valid when the drug was approved in order to be eligible for a term extension. A firm may 

patent a component of a drug later to increase the likelihood that the patent will be 

eligible for an extension when the drug is approved. If patent and development strategies 

have changed across the industry, then the observed changes in the time taken to 

complete development may reflect changes in patent strategy. 

 
The Drug Price Competition and Patent Term Restoration Act (1984) also allows 

the FDA to grant a firm the right to market a novel drugs based on new molecular entities 

(NME)84 and approved as a New Drug Application (NDA) exclusively for a period of 

time. The period of market exclusivity is based on the length of time spent on clinical 

development and is independent of the number of valid patents claiming a component of 

the drug and the length of time for which the patents remain valid. Firms may pursue 

more complex and longer clinical development strategies if they do not have to rely on 

patents to secure the exclusive right to make and market a drug. If most firms pursue 

strategies to capitalize on opportunities to receive market exclusivity from the FDA, then 

the time spent on clinical development, and by extension, a complete drug development 

project, may increase. Furthermore, the impacts of market exclusivity policies are likely 

                                                 
84

 An NME is an active ingredient that has not been used previously to develop another drug.  
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to be realized over time as firms adapt their development and intellectual property 

policies to capitalize on opportunities to gain market exclusivity. The observed variation 

in the time taken to complete drug development projects may be attributed to firms 

adapting their development and patenting strategies to maximize the length of time for 

which they can market a drug exclusivity through intellectual property protection and 

market exclusivity granted by the FDA.  

 

Results of Cox hazard analyses 

 Controls 

 I begin by discussing the effects of two sets of controls on the hazard of 

completing a drug development project: (1) the characteristics of the firm; and (2) the 

type of therapeutic developed. Table 13 presents the results of the control model, 

stratified by project initiation year with robust standard errors clustered by firm. 

  

1. The characteristics of the firm  

 To control for a firm's age-related experience, I include a firm's age in the model 

(Model C7, Table 13).
85, 86

  A firm's age at the start of a drug development pipeline has a 

statistically significant non-linear effect. The linear term has a positive effect (p > 0.004 

in the Control  Model C7; p < 0.191 in the Full Model F7), while the quadratic term has a 

negative effect (p > 0.001 in the Control Model C7; p < 0.048 in the Full Model F2, Table 

                                                 
85

 For 59 drug development projects, the firm was not founded at the start of the project. I code the age of 

such firms as zero at the start of the project.  
86

 If the firm that developed the drug was formed through a merger, I use the founding year of the oldest 

firm to calculate the age of the firm at the start of the research project.  
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13).
87

 These results indicate that hazard of completion increases with age, to a point, and 

then declines slightly as age continues to increase. Moderately older firms are generally 

likely to take less time to complete a drug development pipeline than younger firms and 

extremely old firms. These results suggest that firms acquire knowledge and capabilities 

through experience that enables them to complete a clinical development projects 

efficiently.  

  To control for size and slack resources, I used two variables. The first was a 

binary indicator that is equal to one if a firm was publicly traded at the start of a clinical 

development project and equal to zero if it was privately owned. At the start of 221 of 

441 drug development projects, the firm was publicly-owned firms (Table 4). While the 

indicator for public ownership does not have a statistically significant effect in the control 

model (p < 0.913 in Model C7, Table 13), it has a statistically significant negative effect 

in the full model (p < 0.091 in Model F8, Table 13). I performed a likelihood ratio test 

comparing a model with and without the indicator to determine whether the indicator for 

public status significantly improved the model. The chi-square statistic (0.003 with one 

degree of freedom) is statistically significant (p = 0.05). The hazard of completion is 

23.8% lower for publicly owned firms, which are typically larger with more resources, 

than for privately owned firms, that are typically smaller. Privately owned firms are likely 

to take less time to complete development than publicly-owned firms. Privately owned 

                                                 
87

 I also use the firm's founding year to control for age-related experience. Similarly, the founding year 

has a positive effect (P > 0.108 in Model C3). The statistical significance and magnitude of the other 

control and explanatory variables are similar across the model with age and the one with the founding 

year (results not shown). Furthermore, the information criteria (IC) for the model with age are slightly 

smaller than that for the model with founding year (Table 2B).  In subsequent analyses, I use age to 

control for a firm's experience. 
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firms are typically smaller and are likely to have fewer drugs under development than 

larger publicly owned firms (Arora et al. 2009). Consequently private firms may pursue 

on-going projects more aggressively and complete drug development projects more 

quickly than large public firms with many on-going drug development project.  

 Second, I control for the size of the firm using the number of employees (in 

thousands) at the innovating firm when a drug development project was initiated. 

However, I was only able to obtain data on employees and other financial data, including 

R&D expenditures for 159 of the 441 drug development projects in this data set.
88

 I 

applied three alternative strategies to replace the missing employee data. First, I replaced 

the missing value with the mean number of employees at the start of the development 

project for firms founded in the same year. Second, I replaced the missing value with the 

10
th

 percentile of the number of employees at the start of a development project for firms 

founded in the same year. Third, I simply replaced the missing value with 0.0001 (equal 

to one employee). The effect of the number of employees on the hazard are similar 

regardless of how I replace missing values. I simplify my subsequent analyses by using 

the mean number of employees for firms founded in the same year to replace missing 

values. The log of the number of employees has a statistically significant negative effect 

on the hazard (p < 0.014 in the Control Model C7; p < 0.051 in the Full Model F8, Table 

13). These results indicate that the hazard of completion decreases by 23.4% for each 

additional 1,000 employees at the firm. Accordingly, a smaller firm with fewer 

                                                 
88

 I obtained data on the number of employees at a firm and R&D expenditures from Compustat, which 

includes data from firms that are publicly traded at major stock exchanges.   
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employees is likely to take less time to complete drug development than a larger firm 

with a greater number of employees. Larger firms with more employees are likely to have 

broader expertise that includes knowledge related to different types of diseases and drug 

targets. Most of a large firm's expertise is not likely to be relevant to a specific drug 

development project. These results suggest that such broad expertise may adversely affect 

the efficiency with which a firm's ability to complete a drug development. A firm is likely 

to primarily use idiosyncratic knowledge that is specific to the drug developed in order to 

increase the efficiency with which it completes a drug development project.  

 I obtained financial and statistical data related to the size of the firm, including the 

number of employees and R&D expenditures from Compustat. As noted above, such data 

were not available for all firms at the start of the drug development project. To determine 

whether the differences between the firms and projects for which I have data from 

Compustat are different from those for which I do not have such data are statistically 

important, I constructed a binary variable indicating if such data were missing. This 

indicator reflects differences in size and firm characteristics that are correlated with the 

availability of data from Compustat. The indicator does not have a statistically significant 

effect (p < 0.51 in Model C and p < 0.459 in Model F8, Table 13). The firms and projects 

for which I have data on the number of employees and R&D expenditures are not 

different than those for which I do not have such data.  

 I control for regional factors that affect the time taken to complete drug 

development, after the first patent claiming a component of the drug was filed, by 

including a variable indicating whether the firm was headquartered in North America or 
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elsewhere. Table 5 presents the number of firms headquartered in each region. The 

indicator is not statistically significant. The hazard is independent of the location of the 

firm's headquarters (p < 0.342 in Model C7 and p < 0.246 in Model F8, Table 13). Firms 

headquartered in North America take the same amount of time to complete drug 

development as firms headquartered in Europe, Asia or Australia. Firms headquartered 

outside of North America do not pursue different development and intellectual property 

strategies than firms headquartered in North America in a way that affects the time taken 

to develop a drug. 

 For 189 of 441 drug development projects, I have obtained the date on which the 

firm submitted an Investigational New Drug Application (INDA) to the FDA. This date 

defines the end of pre-clinical research and the beginning of clinical development. I use 

this date to measure the time taken to complete pre-clinical research (Chapter Three) and 

clinical development (Chapter Four) for a subset of projects and analyze the hazard of 

completing each. In this chapter, I have constructed an indicator that is equal to one if I 

have the date on which the INDA was submitted, and equal to zero if not. This indicator 

controls for differences in the projects for which I have obtained the INDA submission 

date and the projects for which I do not have the date. Since I obtained the INDA 

submission date from FDA and USPTO notices published in the Federal Registrar 

regarding clinical development and regulatory review periods for the purposes of 

determining patent term extension, such differences may include the novelty of the drug, 

the patenting strategy of the firm, and the complexity and duration of clinical 

development. The indicator is not statistically significant (P < 0.745 in Model C7 and P < 
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0.459 in Model F8 in Table 13). Any differences between the projects for which I have 

the date on which the INDA was submitted the projects for which I do not have either 

been captured by the predictors or are not statistically important.   

 

2. The type of therapeutic developed  

 Previous research has found that the time taken to complete a drug development 

project varies according to the underlying therapeutic characteristics of the drug 

developed (Dranov and Meltzer 1994; Reichert 2003). Accordingly, I control for the type 

of therapeutic developed. Table 1D presents the numbers of each type of therapeutic in 

this data set. I compare the effects of six types of therapeutics on the hazard, relative to 

the largest category, “other.” The results of the control model with the six indicators for 

therapeutic types are presented in Table 14. Only the indicators for  anti-infective and 

anti-neoplastic therapeutics have a statistically significant effect on the hazard, relative to 

the base category. It is likely to take longer to develop anti-infective and anti-neoplastic 

therapeutics than other types.  

  I include the other four categories with non-significant effects in the base 

category, and measure the effects of anti-infective and anti-neoplastic therapeutics 

relative all other types of therapeutics. The control model with the indicators for anti-

infective and anti-neoplastic therapeutics is presented in Table 13. While the indicators 

for anti-infective and anti-neoplastic therapeutics have statistically significant effects in 

the control model (p < 0.022 and p <  0.016, respectively in Model C7 Table 13), neither 

has a statistically significant effect in the full model (p < 0.435 and p < 0.119, 
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respectively in Model F8, in Table 13). The hazard for anti-infective therapeutics is 

12.39% greater and the hazard for anti-neoplastic therapeutics is 31.27% greater than all 

other types of therapeutics. These results suggest that it takes longer to develop these two 

types of drugs, but the effect observed in the control model may be explained, in part, by 

the other covariates in the full model. If fundamental knowledge about disease processes 

and drug targets for anti-infective and anti-neoplastic therapeutics is less well developed 

than for other types of therapeutics or it takes longer to demonstrate the safety and 

efficacy of each in clinical development, than a firm is likely to take longer to develop 

these types of therapeutics than others.  

 

Explanatory variables 

 I examine how three factors affect the hazard of completing a drug development 

project, controlling for the characteristics of the firm and the type of therapeutic 

developed: (1) the technical characteristics of the project; (2) the use of components 

generated by other entities; and (3) the R&D capabilities of the innovating firm. The 

results are presented in Table 13. 

 

1. Technical characteristics of the drug development project 

 The use of multiple components to develop a new product increases the 

complexity and difficulty of technological innovation activities (Flemming and Sorenson 

2004). A firm is likely to encounter more problems when incorporating multiple 

components to develop a drug than when they incorporate fewer components. 
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Accordingly, I hypothesize that the hazard of completion decreases as the number of 

components incorporated to develop the drug increases. The number of drug components 

used has a statistically significant negative effect on the hazard (p > 0.074 in Model F8, 

Table 13). As I hypothesized, the hazard of completing a drug development project is 

smaller when a firm integrates more components to develop a drug. For each additional 

component used to develop the drug, the hazard decreases 2.93 %. Firms take longer to 

develop complex drugs that incorporate multiple components. The use of multiple 

components to develop drug presents technical challenges that require additional research 

to resolve. As a result, it takes longer to develop a drug that is based on multiple 

components than a drug that is based on fewer components.  

 The time taken to integrate the drug components reflects the difficulty of 

integrating the components in early stage research activities.
89

 I hypothesize that the 

hazard of completion decreases as the time taken to integrate the components increases. 

As I hypothesized, the time taken to integrate the components has a statistically 

significant negative effect (p > 0.000 in Model F8, Table 13). The hazard decreases by 

2.4 % for each additional month (30 days) taken to integrate the components. When 

early-stage research activities are more difficult and a firm takes longer to integrate drug 

components in early-stage research, a firm also takes longer to complete the entire drug 

development project. These results indicate that integrating components constitutes a 

significant portion of early-stage pre-clinical research activities.  

                                                 
89

 I measure the time taken to integrate components as the time elapsed from the date on which the first 

application for a patent claiming a component of the drug was filed to the date on which the last 

application for a patent claiming a component was filed. If a drug is based on one patented component, 

then the integration time is equal to zero.  
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Theories of organizational learning and technological innovation suggest that it is 

easier to use incrementally innovative components to develop a new product than to use 

radically innovative ones (Nagaoka 2007; Nerkar and Shane 2007). I hypothesize that the 

hazard of completing a drug development project is a function of the innovativeness of 

the drug components, which I measure as the mean number of citations to prior art made 

by the patented drug components. Patents claiming incrementally innovative components 

make more citations to prior art than patents claiming radically innovative components. 

The hazard is likely to be greater when incrementally innovative components are used 

and lower when radically innovative components are used.
 
The incremental nature of the 

components has a statistically significant positive effect (p > 0.001 in Model F8, Table 

13). The hazard increases 0.57% with the use of increasingly incrementally innovative 

components. A firm is likely to take less time to complete drug development when it uses 

incrementally innovative components and longer when it uses radically innovative 

components. These results suggest that using radically innovative components increases 

the difficulty of drug development activities. Firms are likely to perform additional 

research to acquire information about the therapeutic characteristics of a drug and resolve 

technical problems when using radically innovative components to develop a drug. These 

results suggest that using radically innovative components is more difficult and increases 

the time taken to develop the drug.   

The FDA designates an innovative drug that fulfills an unmet medical need a 

“priority.” Because there are no similar drugs to treat the disease, the scientific 

understanding of the underlying disease processes and the drug target for a “priority” 
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drug is less likely to be less well developed than the understanding of disease processes 

for drugs to treat non-priority standard drugs for which there are many similar drugs 

(Dranov and Meltzer 1994; Cockburn 2004). Accordingly, it is likely to be more difficult 

to develop a “priority” drug. I hypothesize that hazard of completion is lower for 

“priority” drugs than for standard drugs. However, a drug's priority status does not have a 

significant effect on the hazard (p < 0.696 in Model F8, Table 13). It takes as long to 

develop a “priority” drug as a standard one. The similarity in the time taken to develop 

priority and standard drugs is likely due to the need to demonstrate the safety and 

efficacy of a drug in accordance with regulatory requirements, regardless of whether or 

not the drug is considered a “priority.” These results suggest that firms do not use 

fundamental knowledge about disease processes and drug targets to increase the 

efficiency with which a drug is developed. 

A drug with an innovative active ingredient that is based on a new molecular 

entity (NME) is likely to be more difficult to develop.
90

 If there are no other drugs based 

on that active ingredient, a firm is likely to have a less thorough understanding of the 

therapeutic characteristics of the drug at the start of the development process than it 

would when developing a drug based on an existing molecular entity that has been used 

to develop other drugs. I hypothesize that the hazard will be lower for drugs based on 

NMEs than ones based on existing molecular entities. The hazard is not significantly 

affected by the use of a NME to develop the drug (p < 0.456 in Model F8, Table 13). 

Firms do not take longer to develop a drug based on an innovative NME than to develop 

                                                 
90

 A new molecular entity (NME) is an active ingredient that has not been used to develop another drug.  
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one based on an active ingredient that has been used to develop other drugs. These results 

suggest that firms do not use existing information about the therapeutic characteristics of 

active ingredients that have been used to develop other drugs to increase the efficiency 

with which it develops a similar drug based on the same active ingredient. The observed 

similarity in the time taken to develop drugs based on NMEs and existing molecular 

entities may be attributed to the regulatory requirements for demonstrating the safety and 

efficacy of a drug that are the same for all drugs.  

 

2. Use of components generated by other entities 

 According to theories on organizational learning, it is more difficult for a firm to 

develop a new product based on technological components generated by other entities 

than it is to develop a product based on components that it generated through upstream 

research (Cohen and Levinthal 1990; Kessler et al. 2000; Katila and Ahuja 2002). I use 

two alternative measures to analyze the effects of using components generated by other 

entities on the hazard of completing a drug development project. First, I use a binary 

indicator that is equal to one if at least one of the drug's components was generated by 

another entity (Model F7, Table 13).
 
Second, I use

 
the proportion of the drug components 

that were generated by another entity to measure how the extent to which a drug is based 

on components generated by other entities affects the hazard (Model F8, Table 13). I 

hypothesize that the use of components generated by other entities decreases the hazard 

of completion. Neither measure has a statistically significant effect on the hazard (p < 

0.548 in Model F7 and p < 0.656 in Model F8, Table 13). The time taken to complete 



 

141 

drug development is not a function of the use of components generated by other entities. 

Theories on organizational learning suggest that it is comparatively difficult to  use 

components generated by other entities because a firm is less likely to have a
 
thorough 

understanding of components generated by other entities that components it generated 

through upstream research. These results suggest that firms only use components for 

which they have a thorough understanding of the therapeutic characteristics, regardless of 

the entity that generated the component.  

 
Previous research indicates that firms and academic research institutions generate 

qualitatively different scientific advances and technological components (Sapsalis et al. 

2006; Fabrizio 2007). I examine whether the use of components generated by other firms 

and by academic research institutions have different effects the hazard of completion 

(Model F9, Table 13). Neither the extent to which a drug is based on components 

generated by other firms nor the extent to which it is based on components generated by 

academic research institutions have a statistically significant effect on the hazard (p < 

0.592 and p < 0.69, respectively in Model F9, Table 13). Firms do not take longer to 

develop a drug based on components generated by other firms or academic research 

institutions, relative to the use of components that it generated through upstream in-house 

research. These results provide further evidence that firms use promising components for 

development, regardless of the entity that generated the component.  

 
To determine which measure of the use of components generated by other entities 

is superior, I compare the information criteria of the three models with alternative 

measures (Table 13). The information criteria for the model with the indicator for the use 
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of at least one component generated by another entity (Model F7) and the model with the 

proportion of components generated by
 
other entities (Model F8) are similar, which 

indicates that they are comparable. The model with the proportions of components 

generated by other firms and academic research institutions (Model F9) has higher 

information criteria and is therefore inferior to the other two models. I use the proportion 

of components generated by other entities in subsequent analyses since it is a more 

precise measure of the use of components generated by other entities.  

 

3. R&D capabilities  

 
Theories on organizational learning and technological innovation suggest that 

firms develop knowledge and capabilities through previous research that enables them to 

complete subsequent R&D projects (Zucker et al. 2002; Arora et al. 2009; Fabrizio 2009). 

I hypothesize that a firm's prior R&D investments positively affect the hazard of 

completing a drug development project. However, as noted above, I was only able to 

obtain R&D investments for 159 of the 441 projects in this data set from Compustat.91 

As with the missing data on the number of employees, I used three strategies to replace 

the missing data on R&D investments. First, I replaced the missing value with the mean 

R&D investments prior to the start of the pre-clinical research project for firms founded 

in the same year. Second, I replaced the missing value with the 10th percentile of R&D 

investments at the start of a pre-clinical research project for firms founded in the same 
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 The binary indicator for missing data described above is not statistically significant, which indicates 

the firms for which I have data on R&D investments are not statistically different from those for which 

I do not have such data.  
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year. Third, I simply replaced the missing value with 0.00001 million dollars. Regardless 

of how I replaced the missing values, the log of a firm's R&D investments at the start of a 

drug development project have a statistically significant positive effect on the hazard (p < 

0.091 in Model F8, Table 13). The hazard increases 24.8% for a percent increase in the 

firm's prior R&D investments. Firms that previously invested more in R&D take less 

time to develop a new drug. The scientific and
 
technological knowledge and capabilities 

amassed through previous R&D enable firms to complete drug development projects 

more efficiently.  

  Firms develop knowledge and capabilities through previous pre-clinical research 

that enable a firm to perform pre-clinical research and other drug development activities 

effectively and efficiently (Arora et al. 2009; Fabrizio 2009). I hypothesize that the 

hazard of completing drug development increases as a function of a firm's pre-clinical 

research capabilities, measured as the number of drug patents issued to the firm. A firm's 

pre-clinical research capabilities do not significantly affect the hazard (p < 0.52 in Model 

F8, Table 13). To determine if the effect was non-linear, I also tested the square and log of 

pre-clinical research capabilities (in other models not shown here). Neither is significant. 

Firms with greater pre-clinical research capabilities do not take less time to complete 

drug development than firms with less well developed pre-clinical research capabilities. 

These results indicate that pre-clinical research capabilities do not facilitate the efficient 

completion of drug development activities. Knowledge and capabilities generated 

through early-stage pre-clinical research are not necessarily relevant to subsequent 
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development activities and thereby do not increase the efficiency of the entire drug 

development process.  

 
Previous research indicates that firms develop knowledge and capabilities through 

previous clinical development activities that facilitate subsequent drug development 

activities (Danzon et al. 2005; Arora et al. 2009). I hypothesize that the hazard of 

completion increases as a function of a firm's clinical development experience. The log of 

a firm's clinical development capabilities have a positive significant effect on the hazard 

of completing drug development (p < 0.000 in Model F8, Table 13). The hazard increases 

by 2.2% per one percent increase in clinical development capabilities. Firms with 

extensive clinical development capabilities take less time to complete drug development 

than firms with less extensive clinical development capabilities. These results suggest 

firms acquire knowledge and capabilities through previous clinical development activities 

that enable them to apply knowledge about the therapeutic characteristics of the drug 

acquired through pre-clinical research and design more effective and efficient clinical 

trials in accordance with FDA regulatory requirements and thereby complete an entire 

drug development project more efficiently.    

 

Summary 

 
The hazard of completing a drug development project is significantly

 
affected by 

the technological characteristics of the drug development project. As I hypothesized, the 

hazard increases as a function of the number of components, the difficulty of integrating 

components, and the innovativeness of the components. These results suggest that 
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technological factors that increase the difficulty of using components in early-stage 

research increase the time taken to develop the drug. However, I did not find evidence 

that the hazard of completing a drug development project is determined by the 

innovativeness of the drug. Neither the use of an NME to develop the drug or the 

“priority” status of a drug significantly affect the hazard. It does not take longer to 

complete radically innovative drugs than incrementally innovative drugs. These results 

suggest that developing radically innovative drugs is not more difficult that developing 

incrementally innovative drugs. Nonetheless, it is possible that the other technological 

characteristics of the drug development project account for the differences between the 

radically innovative and incrementally innovative drugs that are associated with the time 

taken to complete a drug development project. In the next chapter, I discuss alternative 

theories that may explain the observed similarity in the time taken to develop radically 

and incrementally innovative drugs.  

 
 The hazard of completing a clinical development project is a function of the size 

of the firm that developed the drug. Contrary to my hypotheses, larger firms take longer 

to complete drug development projects than smaller firms. Larger firms with more 

employees take longer to complete a drug development project than smaller firms with 

fewer employees. Furthermore, publicly owned firms, which are typically larger and have 

more slack resources, take longer to complete development than privately owned firms, 

which are typically small with fewer slack resources. It is possible that larger firms 

allocate resources across a greater number of on-going projects than smaller firms (Arora 

et al. 2009). As a result, an individual project at a larger firm may be allocated fewer 
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resource than a project at a smaller firms. If individual projects at larger firms are 

allocated fewer resources than individual projects at smaller firms, that a larger firm is 

likely to take longer to complete a drug development project than a smaller firm.  

 
A firm's R&D capabilities also significantly affect the hazard of completing a 

drug development project. As I hypothesized, firms that previously invested more in 

R&D take less time to complete a drug development project. These results provide 

further evidence that firms develop knowledge and capabilities through previous research 

that enable the efficient completion of drug development projects. However, I find that 

knowledge and capabilities amassed through pre-clinical research and clinical 

development have different effects. The knowledge and capabilities developed through 

previous clinical development activities facilitate the efficient completion of subsequent 

drug development activities, but knowledge and capabilities developed through previous 

pre-clinical research activities do not. In the next chapter I discuss alternative theoretical 

explanations of the observed effects of R&D capabilities on the time taken to complete a 

drug development project. 
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CHAPTER 7: CONCLUSIONS AND POLICY IMPLICATIONS 

 

In this dissertation, I analyzed how five sets of factors affect the productivity of 

drug development projects: (1) the technological characteristics of the drug; (2) the 

therapeutic characteristics of the drug; (4) the use of drug components generated by other 

entities; and (5) the R&D capabilities of the firm. I measure productivity as the time 

taken to complete the entire drug development project and each of the two phases of the 

drug development project: (1) early-stage pre-clinical research; and (2) late-stage clinical 

development. This approach allows me to compare how the four sets of covariate affect 

the productivity of pre-clinical research and clinical development projects and identify 

the factors that have the greatest effect on the productivity of the entire drug development 

project. In this chapter, I summarize and interpret the results as follows. First, I compare 

the factors that affect the time taken to complete pre-clinical research, clinical 

development, and the entire drug development project. Next, I discuss the implications of 

these results for policy. I conclude by outlining the limitations of the present research and 

suggesting areas for future research.   

 Table 15 summarizes the effects of the four sets covariates and controls on the 

time taken to complete pre-clinical research, clinical development, and the entire drug 

development project. For each R&D project, the first column presents the hypothesized 

effect on the hazard of completion and the second column presents the observed effect. 

This table highlights the differing effects of the technological factors, the use of 
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components generated by other entities, and the characteristics of the firm on the time 

taken to complete different parts and the entire drug development project. 

 

Factors affecting the time taken to complete R&D activities  

Technological characteristics of the R&D project 

 I find that a firm is likely to take longer to complete an entire drug development 

project when developing a complex drug that integrates multiple components and it takes 

longer to integrate the components.
92

 Previous research found that a firm that pursues 

technologically complex R&D projects develops fewer products than firms that pursue 

simpler R&D projects (Rosenkopf and Nerkar 2001; Katila and Ahuja 2002). A firm is 

likely to have to perform additional research to integrate components and resolve 

uncertainties about the therapeutic characteristics of the drug. As a result, a firm is likely 

to take longer to complete complex drug development projects.  

 This research indicates that a firm is likely to take less time to complete an entire 

drug development project when the drug is based on incrementally innovative 

components that build extensively on existing S&T knowledge than when it develops a 

drug based on radically innovative components that build less extensively on existing 

scientific knowledge.
93  

When a firm integrates incrementally innovative components, it 

is able to apply the scientific knowledge upon which the components build to resolve 

                                                 
92

 I use the number of patented drug components as a proxy for the complexity of the drug and measure 

the time taken to integrate the components as the months (30 days) elapsed from the date on which the 

application for the first patent claiming a component of the drug was filed to the date on which 

application for the last component was filed, adjusted for the number of components integrated. 
93

 I measure the extent to which the components build on existing scientific knowledge as the average 

number of citations made to prior art by the patented drug components.  
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uncertainties in the drug development process. Accordingly, R&D activities are likely to 

be more efficient when incrementally innovative components are used than when 

radically innovative components are used.
 
Since drug development projects that integrate 

radically innovative components are completed at a slower rate than projects that 

integrate incrementally innovative components, fewer drugs are likely to be developed 

annually if firms are pursuing more projects that based on radically innovative 

components than projects that are based on incrementally innovative components. 

 A firm can use knowledge about the therapeutic characteristics of a drug 

generated through pre-clinical research to design clinical trials and interpret the results 

(Guedj and Scharfstein 2004; Danzon et al. 2005). Such therapeutic characteristics 

include how the active ingredient interacts with the target to produce a therapeutic effect, 

how the drug is absorbed and metabolized and potential adverse effects. I find that a firm 

is likely to take less time to complete a clinical development project when it takes longer 

to complete pre-clinical research. These results suggest that a firm that took longer to 

complete pre-clinical research has a more thorough understanding of the therapeutic 

characteristics of the drug candidate and that a firm may be able to use that knowledge to 

increase the efficiency of clinical development.
 
A firm that appears less productive during 

pre-clinical research, in terms of time taken to complete a research project, is likely to be 

more productive in clinical development, in terms of the time taken to complete the 

development project. Accordingly, the productivity of the entire drug development 

project may be improved by more thoroughly evaluating the therapeutic characteristics of 

the drug candidate in pre-clinical research.  
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  Although I find that the time taken to complete an entire drug development 

project is a function of the complexity of the drug, the time taken to integrate the drug 

components, and the extent to which the components that make up the drug build on 

existing S&T knowledge, the time taken to complete the clinical development phase of 

that project is independent of these factors. If a firm begins clinical development after 

having thoroughly characterized the drug, then these technological characteristics of the 

drug development project are not likely to affect the time taken to complete clinical 

development. A firm uses knowledge about the therapeutic characteristics of the drug 

generated in pre-clinical research to increase the efficiency of a clinical development 

project, rather than fundamental scientific knowledge about the components.  

 The technological characteristics of the drug identified above affect the time taken 

to complete an entire drug development project, but do not affect the time taken to 

complete a pre-clinical research project, contrary to my hypotheses. The drugs for which 

I was able to measure the time to complete pre-clinical research and clinical development 

are a highly innovative subset of the full data set.
94

 If the drug development projects in 

this subset are not similar in terms of complexity and the extent to which they build on 

existing S&T knowledge as the drugs in the full data set, I will not be able to precisely 

measure the effects of the technological characteristics of the drug on the time taken to 

complete pre-clinical research and clinical development. I tested for differences between 

the drugs for which I am able to measure the time taken to complete pre-clinical research 

                                                 
94

 I define the end of pre-clinical research and the beginning of clinical development as the date on which 

the firm submitted an Investigational New Drug Application (INDA) for the drug to the FDA. 

However, I was only able to obtain this data when the firm applied to extend the term of a patent 

claiming a key component of the drug from the FDA and USPTO.   
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and clinical development and those for which I am not, but do not find evidence of 

systematic differences between the two groups. Nonetheless, it is possible that the 

differences are explained by other variables in the models.   

 In summary, the time taken to complete a drug development project is a function 

of the technological characteristics of the drug. A firm is likely to take longer to complete 

development when the drug is based on multiple components, it takes longer to integrate 

the components, and the components are radically innovative than it takes to develop a 

drug that is based on fewer components, it takes less time to integrate the components, 

and the components are incrementally innovative. However, I also find that a firm 

completes clinical development quickly when the firm took longer to complete pre-

clinical research. These results suggest that firms apply existing S&T knowledge about 

the underlying characteristics of the drug and generate new knowledge about the specific 

therapeutic characteristics of the drug in pre-clinical research to increase the effectiveness 

and efficiency of down-stream clinical development.  

 

Therapeutic characteristics of the drug  

 I find that the time taken to complete pre-clinical research, clinical development, 

and an entire drug development project vary according to the type of therapeutic 

developed, in accordance with previous research (Reichert 2003; Chandy et al. 2006). 

However, the types of therapeutics that are most quickly developed are different in pre-

clinical research, clinical development, and the entire drug development project (refer to 

Table 15). The hazard of completing pre-clinical research is greatest for gastrointestinal 
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drugs, whereas the hazard of completing clinical development is greatest for the core 

group of drugs, which includes anti-histamine, anti-inflammatory, autonomic, blood, 

bone, and eye, ear, nose and throat drugs. The hazard of completing an entire drug 

development project is greatest for anti-neoplastic drugs. The observed differences in the 

times taken to complete each R&D activity for each type of therapeutic suggest that 

different underlying characteristics of each type of therapeutic affect the time taken to 

complete each R&D activity differently. Such characteristics may include the acute or 

chronic nature of the condition, the duration for which the drug is taken to achieve the 

therapeutic effect, and the potential adverse effects. 

 I do not find that a firm takes longer to complete R&D activities when developing 

a highly innovative “priority” drug that fulfills an unmet medical need than when 

developing a less innovative non-priority drug for which similar drugs are already 

available.
95 

These results align with previous research that indicates that productivity, 

measured as the probability of completing clinical development, is independent of the 

novelty of the drug (Guedj and Scharfstein 2004).
96

 However, the lack of a significant 

effect runs counter to theories on organizational learning, which suggest that developing a 

novel drug is more difficult than developing a common type of drug because there is less 

knowledge about the therapeutic effects of a novel drug. I do not find evidence that 

developing a novel drug is more difficult than developing a drug, which is part of an 

existing class of drugs. These results suggest that a firm uses idiosyncratic knowledge 

                                                 
95

 The FDA designates drugs that fulfill unmet medical needs “priority” drugs for the purpose of 

regulatory review.  
96

 In this study, the novelty of a drug was measured as the number of drugs drugs for the same therapeutic 

use.  
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about the therapeutic characteristics and effects of a drug candidate to increase the 

efficiency of the drug development project, rather than relying on knowledge about 

similar drugs.  

 In summary, the time taken to complete drug development activities is largely a 

function of the type of therapeutic developed. I find that the type of therapeutic 

developed has a substantively greater effects on the time taken to complete the two 

phases and the entire drug development project than any of the technological 

characteristics of the development project. The apparent decline in productivity may be 

due, in part, to recent efforts to develop drugs that inherently take longer to develop.  

 

Use of components generated by other entities 

 I find that firms take as long to complete R&D activities when they use 

components generated by other entities as they do when they rely on internally generated 

components. These results suggest that the use of components generated by other entities 

to develop a drug does not increase the difficulty of an R&D project, relative to the use of 

internally generated components. It is possible that drug components, in general, build on 

scientific knowledge that is well understood by scientists in the private sector. When 

well-understood scientific knowledge is embodied in drug components, a firm does not 

rely on unique tacit knowledge about the drug components that was generated through 

upstream research in order to use the components effectively and efficiently.  

 The time taken to complete an R&D activity is not affected differently by the use 

of components generated by academic research institutions and other firms. It is, 



 

 154 

therefore, as easy to use components generated by other firms as it is to use components 

generated by academic research institutions. The similarity in the time taken to complete 

R&D activities for a drug based on components generated by academic research 

institutions and other firms suggest that the components generated by both build similarly 

on existing S&T knowledge that is well understood by firms.  

 Others have found evidence of a “lemons problem” wherein firms tend to license 

inferior drug components to others for development (Arora et al. 2009; Arora and 

Gambardella 2010). If there were a lemons problem and firms were licensing inferior 

drug components to others for development, then a firm would take longer to complete 

drug development when it used components generated by others. I do not find that a firm 

takes longer to complete pre-clinical research, clinical development or an entire drug 

development project when a firm uses components generated by others. Thus, I find no 

evidence of a lemons problem. These results suggest that firms license drug components 

to others because they lack the resources and capabilities to develop the drug effectively 

and efficiently.  

 Previous research indicates that firms use different technology transfer processes 

to access patented drug components generated by academic research institutions and 

firms (Owen-Smith and Powell 2004; Fabrizio 2007). However, it does not take longer to 

complete a development project when using components generated by other firms or 

academic institutions.  The absence of significant effects suggests that the different 

technology transfer processes used to access components generated by each type of entity 

do not affect the difficulty of the drug development project. Contrary to prior research, I 
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do not find that the technology transfer processes by which firms access drug components 

generated by academic institutions are more difficult or take longer to complete than the 

processes for using components generated by other firms. 

 

Firm characteristics and R&D capabilities 

 Older firms are likely to take less time to complete a pre-clinical research project 

than younger firms. However, older firms are likely to take as long to complete a clinical 

development project or an entire drug development project as younger firms. These 

results suggest that a firm may apply knowledge and capabilities acquired through age-

related experience to increase the efficiency with which a pre-clinical research project is 

completed. However, such general experience and knowledge does not facilitate the 

efficient completion of a clinical development project. The small effect of age on the time 

taken to complete a pre-clinical research project does not result in a significant effect on 

the time taken to complete an entire drug development project.  

 Privately owned firms take less time to complete an entire drug development 

project than publicly owned firms. Privately owned firms usually have a few ongoing 

projects at a time and typically pursue promising drug development projects aggressively 

(Chandy et al. 2006; Arora et al. 2009). Conversely, publicly owned firms often have 

many ongoing drug development projects and conservatively pursue multiple projects 

simultaneously. Accordingly, a privately owned firm may take less time to complete a 

drug development project because it concentrates available assets as part of a more 

aggressive R&D strategy than a publicly owned firm. These results suggest that the time 
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taken to complete a drug development project is determined, in part, by how a firm 

leverages its resources to complete R&D projects as part by of the firm's R&D strategy.  

 I find that a firm with fewer employees is likely to take less time to complete an 

entire R&D project than a firm with more employees. At a smaller firm, employees 

typically focus on the most promising development project. At a larger firm, employees 

often work on many ongoing projects. As a result, an individual project at a smaller firm 

may be allocated more attention and resources than an individual project at a larger firm. 

Although previous research indicates that a larger firm is likely to develop more drugs 

than a smaller firm, a larger firm is likely to take longer to complete an individual drug 

development project than a smaller firm (Guedj and Scharfstein 2004; Arora et al. 2009).  

 Firms headquartered in different countries may pursue different intellectual 

property and R&D strategies, which may affect the time taken to complete a R&D 

project. I find that a firm headquartered outside of North America is likely to take longer 

to complete a clinical development project than a firm headquartered in North America. It 

might be possible that foreign firms take longer to complete clinical development projects 

than firms headquartered in North America because the US FDA regulatory requirements 

are more arduous than those of the regulatory entities in other countries. Nonetheless, 

there is no difference in the time taken to complete an entire drug development project.
97

 

The relatively small difference in the time taken to complete a clinical development 

                                                 
97

 I find that firms headquartered outside of North America do not take longer to complete a pre-clinical 

research project, which indicates that foreign firms do not pursue different intellectual property 

strategies than firms headquartered in North America. 
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project does not result in a significant effect on the time taken to complete an entire drug 

development project.  

  I find that a firm that has invested more in R&D previously is likely to take less 

time to complete clinical development and an entire R&D project than a firm that has 

invested less. However, I do not find that firms that have invested more in R&D take less 

time to complete pre-clinical research projects. These results suggest that firms apply 

scientific knowledge and development capabilities amassed through previous R&D 

activities to increase the efficiency of clinical development and entire drug development 

projects, but not pre-clinical research projects. The lack of a significant effect of R&D 

investments on the hazard of completing a pre-clinical research suggests that firms rely 

on idiosyncratic knowledge about the drug candidate generated through early-stage 

research to complete pre-clinical research activities efficiently.
98

 Since knowledge and 

capabilities acquired through experience amass over time, and clinical development is the 

longest part of the drug development process, firms may become more efficient in 

completing clinical development, over time.  

 I find that firms amass knowledge through previous clinical development 

activities that may be used to increase the efficiency of R&D activities, but do not amass 

knowledge that increases efficiency through previous pre-clinical research activities. A 

firm with more extensive clinical development experience takes less time to complete a 

                                                 
98

  It is also possible that prior R&D investments disproportionately reflect experience in clinical 

development, since clinical development is more costly than pre-clinical research. If R&D investments 

primarily reflect investments in clinical development activities, than the lack of a significant effect on 

the time taken to complete pre-clinical research is not incongruous with previous research and theories 

of organizational learning.  
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drug development project than a firm with less experience. However, a firm with more 

pre-clinical research experience does not take less time to complete any type of R&D 

activity than a firm with less extensive pre-clinical research experience. Firms that pursue 

R&D strategies that focus on clinical development activities amass knowledge and 

capabilities over time that enable them to complete subsequent clinical development 

projects efficiently. 

 I find that firms with extensive pre-clinical research experience take longer to 

complete a clinical development project than firms with less pre-clinical research 

experience. It is possible that firms with extensive pre-clinical research experience lack 

clinical development experience. However, the correlation between pre-clinical research 

and clinical development experience is not large (Table 7 and Table10). Alternatively, 

firms with extensive pre-clinical research experience are likely to have concentrated 

previous efforts and resources on pre-clinical research projects and not performed 

extensive clinical development. If a firm with extensive pre-clinical  research experience 

lacks extensive clinical development experience, then such a firm is likely to take longer 

to complete a clinical development project than a firm with less pre-clinical research 

experience. I interpret these results as evidence that pharmaceutical firms implement 

R&D strategies that enable them to complete pre-clinical research and clinical 

development projects efficiently.  

 In summary, I find that the time taken to complete a pre-clinical research or 

clinical development project is largely determined by the firm's age, size, and resources, 

which are related to its R&D strategy and how the firm deploys resources. If a firm 
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focuses on the most promising drug development projects, it is likely to complete 

development quickly, but will ultimately develop fewer drugs. Conversely, allocating 

resources across multiple projects is likely to increase the time taken to complete 

individual drug development projects. In the short term, a firm that pursues an aggressive 

R&D strategy is likely to appear more productive since it is likely to develop those drugs 

quickly. In the long term, a firm that pursues a more risk-averse R&D strategy and has 

many ongoing projects is likely to appear more productive in the long term since it is 

likely to develop a greater number of drugs. Productivity needs to be evaluated in the 

short and long term to fairly assess the overall productivity of a firm and the industry. 

 I also find that the time taken to complete a drug development project is largely 

determined by the firm's core knowledge and capabilities, which are amassed through 

prior R&D investments, pre-clinical research experience, and clinical development 

experience. The results indicate that firms apply knowledge amassed over time through 

experience in different R&D activities to increase the efficiency of pre-clinical research, 

clinical development, and the entire drug development project. By focusing on pre-

clinical research or clinical development, a firm can develop the knowledge needed to 

increase the efficiency with which it completes the R&D project. In this manner, a 

division of labor in the pharmaceutical industry in which firms either focus on pre-

clinical research or clinical development may lead to an increase in productivity across 

the industry.  
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Implications for policy  

 This dissertation examines the technological and organizational factors that affect 

the efficiency with which a firm applies S&T advances to develop a new drug. Insights 

about the drug development process generated through this research may be used to 

assess the effectiveness of existing innovation policies and identify opportunities to 

implement policies that are likely to increase the efficiency of the drug development 

process. Policies that facilitate the efficient use of S&T advance to develop new drugs are 

likely to improve the social and economic impact of government investments in 

biomedical research by increasing the rate at which drugs are developed. In this section, I 

describe the implications of this research for four policy issues: (1) government support 

for biomedical research; (2) government incentives for research and development (R&D), 

including both intellectual property and market exclusivity policies; (3) government 

technology transfer policies; and (4) FDA regulatory requirements.  

 

1. Government support for biomedical research 

 I find that firms take longer to complete an entire drug development project when 

integrating multiple drug components and using radically innovative components that do 

not build extensively on existing scientific knowledge. Such drug development projects 

are likely to take longer to complete because a firm is likely to have to perform more 

research to elucidate the therapeutic characteristics of complex drugs that are based on 

radically innovative components. Nonetheless, the use of radically innovative 

components usually results in the development of more important products (Katila and 
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Ahuja 2002; Rosenkopf and Nerkar 2001). Government policies could facilitate the use 

of radically innovative drug components by providing public funding for  “translational” 

research that characterizes drug targets and elucidates the mechanisms by which a drug 

candidate produces a therapeutic effect. Translational research provides insight into how 

a drug candidate can be developed into a new drug and minimizes the need for additional 

pre-clinical research. When the therapeutic characteristics of a drug candidate have been 

thoroughly described, a firm is less likely to encounter problems involving poor efficacy 

and unanticipated adverse event problems during clinical development, and thus, to have 

to perform additional trials to resolve the problems. 

 Currently, several agencies, including the National Institutes of Health (NIH) and 

the FDA fund translational research (Butler 2008). Government-funded research 

institutions are likely to be effective at applying fundamental S&T advances in 

translational research to identify potential drug candidates, because these institutions 

have detailed knowledge about the scientific underpinnings of disease processes and 

potential drug targets (Butler 2008). To ensure that translational research generates 

scientific knowledge about the therapeutic characteristics of drug candidates that 

facilitates subsequent drug development activities performed by firms, government-

funded research institutions ought to perform translational research in collaboration with 

firms. Firms may develop scientific knowledge about the characteristics of radically 

innovative drug components through collaborative translational research that could be 

applied to complete drug development activities efficiently. Accordingly, collaborative 

translational research will bridge the gap between fundamental research and drug 
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development more effectively than translational research performed independently by 

government-funded research institutions. 

 

2.  Government incentives for R&D 

 Pre-clinical research and clinical development are separate innovation activities 

that generate different knowledge about the characteristics of the drug and its efficacy 

and safety. In pre-clinical research, a firm applies scientific advances about diseases 

processes and drug targets to identify and characterize a drug candidate. In clinical 

development, a firm uses knowledge about the characteristics of the drug candidate to 

define the safety and efficacy of the drug through a series of trials in humans. Although a 

firm uses knowledge generated in pre-clinical research to evaluate the likelihood that a 

drug will prove safe and effective in clinical trials, there is still tremendous uncertainty 

about the safety and efficacy of the drug in humans at the start of clinical development 

(Eisenberg 2007; DiMasi 2001). Furthermore, there is uncertainty about the cost of 

clinical development and the ability to recoup development costs or earn a profit 

(Eisenberg 2007). Pre-clinical research is often considered more uncertain than clinical 

development, because the success of the drug development project and likely returns to 

R&D investments are more uncertain during pre-clinical research and clinical 

development. Accordingly, the mechanisms by which a firm earns returns to pre-clinical 

research investments ought to be different than those for clinical development.  

 A firm may patent a drug component early during pre-clinical research to secure 

the exclusive right to perform extensive pre-clinical research to characterize the drug 
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candidate and evaluate the likely safety and efficacy of the drug (Grabowski and Vernon 

2000; Eisenberg 2007). I found that firms took less time to complete clinical development 

when they had taken longer to complete pre-clinical research. These results suggest that 

firms generate knowledge about drug candidates in pre-clinical research that may be used 

to increase the efficiency of clinical development. Current intellectual property policies 

do not directly incentivize firms to perform extensive pre-clinical research. 

  Since firms apply knowledge about drug candidates generated in pre-clinical 

research to increase the efficiency of clinical development project, intellectual property 

policies that incentivize pre-clinical research are likely to increase the rate at which new 

drugs are developed. Patients may gain access earlier to important new drugs, if firms 

take less time to complete clinical development. Moreover, decreasing the time taken to 

complete clinical development may decrease the cost of developing a drug, since clinical 

development is the most expensive phase of the drug development process (DiMasi 

2001).
99

 Thus, policies that encourage extensive pre-clinical research are likely to 

increase the overall efficiency and productivity of the drug development process by 

increasing the efficiency of clinical development, which is typically the longest phase of 

a drug development project.  

   Previous research indicates that the patents claiming key components of a drug 

often expire before a firm is able to fully recoup the costs of developing the drug through 

                                                 
99

 Any decreases in the cost of drug development associated with more efficient clinical development, 

may be offset, in part, by increases in the cost of clinical development. Nonetheless, any increases in 

the cost of pre-clinical research are not likely to be as significant as the cost of  longer clinical trials. 

The factors that affect the cost of drug development are beyond the scope of this research. Future 

research ought to consider how more extensive pre-clinical research may affect the total cost of 

developing a drug. 
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sales of that drug (Grabowski and Vernon 2000; Eisenberg 2007). The difficulty of 

earning returns to R&D investments is especially difficult when the patents claiming key 

components of the drug are issued during pre-clinical research. Many firms establish 

market exclusivity by blocking others from developing and manufacturing similar forms 

of the drug with defensive patents that claim less important components of the drug or 

intermediates created during manufacturing. Such patent strategies are often referred to as 

patent “ever greening” and are widely considered to be detrimental to innovation across 

the industry (Eisenberg 2007). Policy makers could alleviate the need to pursue defensive 

“ever green” patenting strategies by creating a new mechanism for securing  market 

exclusivity that is independent of patent rights and based on the time and resources taken 

to complete clinical development.  

 The Drug Price Competition and Patent Term Restoration Act (1984) enables the 

FDA to grant firms the exclusive right to market three types of highly innovative drugs: 

(1) drugs with an active ingredient that is based on a new molecular entity (NME); (2) 

“priority” drugs that fulfill an unmet medical need; and (3) drugs to treat rare diseases 

(Schacht and Thomas 2000).
100 

The length of market exclusivity is calculated as half of 

the time spent on clinical development, plus the time spent on regulatory review.101 For 

all other drugs, a firm must rely on patents to secure the exclusive right to market a drug. 

The market exclusivity granted by the FDA encourages firms to develop innovative drugs 

                                                 
100

  Drugs that are used to treat rare diseases that affect less than 10,000 people are referred to as orphan 

drugs. 
101

 The maximum length of market exclusivity is five years (Eisenberg 2007; Schacht and Thomas 2000). 
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by creating an opportunity firms to earn returns to R&D investments and by alleviating 

concerns about expiring patent exclusivity. 

 
As FDA regulatory requirements have become more complicated and arduous, it 

has become increasingly difficult for firms to secure market exclusivity through patents 

(Grabowski and Vernon 2000; Eisenberg 2007). The FDA often requires a firm to 

evaluate the safety and efficacy of drugs in sub-populations that may be at risk of specific 

adverse reactions and test for interactions with other drugs frequently used by the 

intended population. Performing more extensive clinical trials may facilitate the 

identification of adverse events and thereby prevent the need to withdraw drugs due to 

adverse events and side effects. However, these requirements may increase development 

time and costs. The FDA could use market exclusivity policies more broadly to 

incentivize firms to develop drugs that are likely to be difficult and costly to develop and 

to perform additional clinical trials in sub-populations that are at increased risk for 

adverse events.  

 

3. Government technology transfer policies 

  Previous research has suggested that the use of scientific advances and 

technological components generated by government-funded research institutions is 

difficult and that the technology transfer policies, including the Bayh-Dole Act, are 

ineffective (Fabrizio 2007; Owen-Smith and Powell 2003; Sapsalis, Potterie, and Navon 
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2006; Zucker, Darby, and Armstrong 2002).
102

 Contrary to this research, I find that firms 

take as long to develop a drug based on drug components discovered by government-

funded research institutions as they do to develop a drug based on components generated 

by other firms or through internal research. These results suggest that the Bayh-Dole Act 

and related policies have been effective in creating a legal framework for efficiently 

licensing patented biomedical discoveries. The difficulty of using scientific advances and 

technologies generated by government-funded research institutions observed by others 

may be due to the technological difficulty of using the advances and technologies 

generated by government-funded research institutions and the need for translational 

research, rather than the organizational complexity of the technology transfer process. 

Efforts by government-funded research institutions to facilitate the commercialization of 

patented S&T advances ought to focus on the technological challenges in integrating the 

S&T components to develop new drugs through translational research, rather than the 

technology transfer process.  

 

4. FDA regulatory requirements  

   FDA regulations are a primary determinant of the time taken to develop a drug. 

However, the processes for demonstrating its safety and efficacy of a drug vary according 

to the therapeutic characteristics of the drug. Such characteristics include the type of 

disease being treated (i.e. acute or chronic), mechanism by which the drug is 

                                                 
102

 The Bayh-Dole Act (1980) grants institutions the right to patent and license inventions discovered 

through government-funded research to firms for development and commercialization. As an incentive 

to license the technologies to firms, government-funded institutions can collect fees and royalties 

through licensing agreements.   
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administered (i.e. oral, injection, or trans-dermal), and the frequency and duration for 

which the drug is likely to be taken. I find that the time taken to complete pre-clinical 

research, clinical development, and entire drug development projects varies by the type of 

drug developed. The observed differences may be attributed, in part, to the regulatory 

requirements for demonstrating the safety and efficacy of the drug to treat that disease or 

condition. The FDA ought to account for the variations in regulatory requirements for 

different types of therapeutics when evaluating the impacts of those policies on the time 

taken to develop each type of therapeutic.  

 I found that firms take longer to complete clinical development projects involving 

anti-neoplastic and central nervous system drugs. The length of clinical development may 

be due, in part, to the chronic nature of the conditions being treated and the potential 

adverse effects that need to be thoroughly analyzed before approval. As noted above, the 

FDA encourages the development of these types of therapeutics by granting market 

exclusivity for unusually long clinical development projects that involve additional 

clinical trials. Market exclusivity policies could be extended to encourage the 

development of the types of therapeutics that take longer to complete due to the 

complexity of clinical development.   

 

Limitations of this research 

 This research is based on a set of drugs approved by the FDA between 1990 and 

2009 and the patents that claim components of the drug. I identified the patents claiming 

each drug from the 2009 edition of the FDA Orange Book: Approved Drug Products with 
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Therapeutic Equivalence Evaluations. The FDA does not list patents that expired before 

the drug was approved. As a result, I do not observe a drug development project when all 

the patents claiming the components of the drug expired before approval.
 
Because the 

data set only includes drugs that are based on patents that were valid at the time of 

approval, the data set is biased by the exclusion of drugs that are based on older patents 

that expired before approval. There are likely to be few drugs approved between 1990 

and 2009 for which all patents have expired, since firms strategically file patents during 

development to maximize the likelihood that the patent is valid when the drug is 

approved. Thus, this bias is likely to be very small with few drugs excluded.   

 Since the FDA removes patents from the Orange Book when they expire, it is 

possible that I do not observe the first patent to claim a component of the drug. The time 

taken to complete a drug development project will be underestimated if the first patent 

claiming a components of the drug is missing. This bias is likely to be greater for older 

drug development projects than for more recent ones. To avoid this bias, I supplemented 

the data that I obtained directly from the Orange Book with data obtained through a 

Freedom of Information Act (FOIA) request to the FDA for a list of valid and expired 

patents that claim a component of FDA approved drugs. This list was constructed 

manually by a researcher at the FDA and it is remains possible that older patents are 

missing for older drugs. Nonetheless, the bias is likely to be very small.  

 I observe a drug development project after it has been completed and the drug has 

been approved by the FDA. It is possible that the drug development projects observed at 

the end of the sample period took less than the average time to complete. The potential 
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bias is highlighted by the relatively small number of drugs approved in the later years of 

the sample period. I address the potential left-censoring of the data set by measuring 

development time as the hazard that the drug is approved at time t, controlling for the 

year in which the project was initiated.103 Stratifying the hazard by the year in which the 

project was initiated allows the baseline hazard to vary according to the year in which the 

project was initiated. However, I am still able to accurately measure the effects of the 

covariates on the hazard. Thus, my analyses are likely to be accurate despite any biases 

due to left-censoring.  

 I used the date on which a firm submitted an Investigational New Drug 

Application (INDA) to define the end of pre-clinical research and the initiation of clinical 

development. I obtained the date on which a firm submitted an INDA from notices on the 

“Determination of Regulatory Review Period for Purposes of Patent Extension” 

published by the FDA  in the Federal Registrar. The FDA publishes this information only 

when the company applies for a patent term extension from the USPTO.104 Information 

about INDA submission date is not publicly available, otherwise. As a result, I was only 

able to obtain the date for 189 of the 441 drugs in this data set. My analyses of the time 

taken to complete a pre-clinical research and a clinical development project are restricted 

to this subset of drug development projects. Because the drugs for which I have the date 

on which the INDA was submitted are a subset of highly innovative drugs, there are 

                                                 
103

 The hazard is the probability that the drug is approved at a point in time. The year in which the project 

was initiated is defined as the year in which the first application for a patent claiming a component of 

the drug was approved.  
104

 To be eligible for an extension, the patent must claim a component of a drug that is based on a new 

molecular entity (NME).  Furthermore, a patent for a component of a drug may only be extended if the 

drug underwent full clinical testing as a New Drug Application (NDA) (Schacht and Thomas 2000) 
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likely to be differences between these drugs and the others in the data set. Accordingly, 

the results of my analyses on the time taken to complete pre-clinical research and clinical 

development projects may not be entirely generalizable. To determine whether there are 

unobserved characteristics of the subset of drugs for which I have the INDA date that are 

correlated with the time taken to complete an entire drug development project, I included 

a binary indicator equal to one if I was able to obtain the INDA date and equal to zero 

otherwise. The indicator is not significant, which suggests that the differences between 

the two sets of drugs are not statistically important or are explained by other covariates. 

Thus, the results of my analyses are likely to be generalizable to all drug development 

projects. 

 I measure three dimensions of a firm's R&D capabilities: R&D investments, 

number of drug patents issued to the firm, and number of FDA approved drugs 

developed. These may be noisy measures of a firm's knowledge and technological 

capabilities and may actually measure other parts of a firm's intellectual property and 

R&D management strategy. R&D investments include investments in failed R&D 

projects, which may not be as useful as knowledge gleaned from successful projects. The 

number of patents issued is likely to measure a firm's propensity to patent rather than the 

productivity of previous pre-clinical research activities. Furthermore, knowledge and 

capabilities amassed through previous experience may not be relevant to specific project. 

If these measures of R&D are not precise, than I have not accurately measured how a 

firm applies knowledge and capabilities to increase the efficiency with which R&D 

activities are completed.   



 

171 

Future Research  

 I found that the use of drug components generated by other entities did not affect 

the time taken to complete development, which indicates that using drug components 

generated by other entities is not more difficult than using ones generated internally. I 

suggested that the lack of a difference may be due to the manner in which all drug 

components embody fundamental S&T advances. Future research ought to compare the 

scientific basis of patents claiming components of FDA approved drugs to patents in the 

same technology classes, but which do not claim components of FDA approved drugs. 

Such analyses could be used to determine whether the patents that claim components of 

approved drugs build on existing scientific knowledge differently than other patents.  

 I examined the time taken to complete a drug development project in which a firm 

integrated  components generated by other entities, but did not control for the 

mechanisms by which the firm accessed those components. A firm may simply license 

the component from another entity or may license the patented component through an 

R&D agreement or joint venture. The mechanism by which a firm accesses the 

component is likely to affect the ease with which a firm is able to integrate the 

component and the time take to complete drug development. For example, the observed 

similarity in the time taken to develop a drug based on components generated by 

academic research institutions and other firms may be due to the use of R&D agreements 

to integrate components generated by academic research institutions. Future research 

ought to examine how the mechanism by which the component was accessed varies 
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according to the type of entity that generated the component and the time taken to 

complete the drug development project.  

 I found that the time taken to complete pre-clinical research and clinical 

development depends on the type of therapeutic developed. These differences are likely 

due to the underlying characteristics of the condition being treated. Such characteristics 

may include how the treatment is administered, the frequency and duration of treatment, 

and its use to treat a chronic or acute condition. In order to more accurately understand 

the technological factors that affect the time taken to develop a drug, future research 

ought to disentangle the therapeutic characteristics of the drug that affect the time taken 

to develop the drug. Since the therapeutic characteristics of a drug affect the time taken to 

complete pre-clinical research and clinical development projects differently, future 

research needs to examine how specific therapeutic characteristics affect the time taken to 

complete each type of R&D activity, relative to the entire drug development project.  

 In this research, I have identified several technological and organizational factors 

that affect the time taken to complete clinical development and the entire drug 

development project. However, I have not been able to identify factors that explicitly 

affect the time taken to complete pre-clinical research. While total R&D investments and 

clinical development capabilities significantly affect the time taken to complete a clinical 

development project, none of the measures of R&D capabilities examined in this research 

affect the time taken to complete a pre-clinical project. Although clinical development is 

the most expensive and time consuming phase of drug development, pre-clinical research 

may be the most technologically difficult phase and is a bottleneck in the transformation 
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of S&T advances into new drugs. A more precise understanding of the factors that affect 

the productivity of per-clinical research is needed in order to more thoroughly understand 

productivity in the pharmaceutical industry.  

 I found that the effects of several technological and organizational characteristics 

of the R&D projects vary with time. I controlled for the time varying effects by 

stratifying the model by the year in which the project was initiated. In a stratified hazard 

model, each cohort of projects initiated in the same year is allowed to have a unique base 

hazard function. While this approach enables me to measure the effects of the covariates, 

controlling for the year in which the project was initiated, I am not able to examine 

precisely how the hazard varies according to the year in which the project was initiated or 

how the effects of the covariates change over time. Future research out to examine how 

the magnitude of the variables that I used to measure technological and organizational 

characteristics of R&D projects have changed over time and how the effects of the 

variables vary over time. An understanding of the time varying effects would contribute 

to a more precise understanding of the factors that affect productivity in general and may 

explain the observed changes in productivity across the industry, over time. 

 

Conclusion  

 This research builds on previous research on pharmaceutical innovation and R&D 

productivity by measuring the time to complete pre-clinical research and clinical 

development projects along a drug development pipeline. My analyses indicate that 

different technological and organizational factors affect the productivity of pre-clinical 
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research and clinical development. While this research examine the factors that affect the 

time taken to successfully complete a drug development project, researchers may extend 

this research to identify the factors that affect the probability that a project is successfully 

completed by comparing the characteristics of successful drug development projects with 

those of failed projects. Government policy makers may use the results of this research to 

more precisely evaluate the productivity in the pharmaceutical industry and develop 

intellectual property and market exclusivity policies that allow firms to secure returns to 

investments to pre-clinical research and clinical development activities to develop novel 

drugs that fill society's most processing medical needs. 
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Table 1: List of variables 

Variable Description 

Dependent variables 

Time to complete pre-clinical 

research  

Time elapsed from the date on which the first 

application for a patent claiming a component of the 

drug was filed to the date on which the INDA was 

submitted (measured in days) 

Time to complete clinical 

development 

Time elapsed from the date on which the INDA was 

submitted to the date on which the drug was approved 

(measured in days) 

To complete drug development  Time elapsed from the date on which the first 

application for a patent claiming a component of the 

drug was filed to the date on which the drug was 

approved (measured in days) 

Independent variables 

Technological characteristics of the project  

Number of drug components Number of patents that claim the active ingredient or 

therapeutic use of the drug, listed in the FDA Orange 

Book 

Time taken to integrate 

components  

Time elapsed from the date on which the first 

application for the first drug patent was filed to the 

date on which the last application for a drug patent was 

filed, adjusted for the number of drug patents 

(measured in 30 day intervals) 

Extent to which components 

build on existing S&T 

knowledge 

Mean number of citations made to prior art patents 

made by  patented drug components  

Indicator for use of at least one 

drug component generated by 

another entity  

Binary variable indicating whether at least one 

patented drug component was generated by an another 

entity  

Proportion of drug components 

generated by other entities  

Proportion of patented drug components that were 

generated by the other entities   

Proportion of drug components  

generated by academic research 

institutions  

Proportion of patented drug components that were 

generated by other firms  

 

 



 

 176 

 

 

Table 1 (continued) 

Proportion of drug components  

generated by academic research 

institutions 

Proportion of drug components that were generated by 

academic research institutions  

New Molecular Entity An indicator for drugs based on a new molecular entity 

(NME) that has not previously been used to develop a 

drug 

Priority drug An indicator for a “priority” drug that fulfills unmet 

medical needs, as defined by the FDA 

Firm's R&D capabilities  

Knowledge generated through 

previous pre-clinical research at 

the start of pre-clinical research 

The number of pharmaceutical patents that were issued 

to the firm in the year before the first application for a 

drug patent was filed depreciated annually (measured 

in hundreds) 

Knowledge generated through 

previous pre-clinical research at 

the start of clinical development  

The number of pharmaceutical patents that were issued 

to the firm in the year before the INDA was submitted 

depreciated annually (measured in hundreds) 

Knowledge generated through 

previous clinical development 

activities at the start of pre-

clinical research   

The number of drugs developed by the firm in the year 

before the first application for a drug patent was filed 

Knowledge generated through 

previous clinical development 

activities at the start of clinical 

development 

The number of drugs developed by the firm in the year 

before the INDA was submitted 

R&D investments at the start of 

pre-clinical research  

Total R&D investments in the year that first 

application for a drug patent was filed, depreciated 

annually (measured in thousands of US dollars) 

R&D investments at the start of 

clinical development  

Total R&D investments in the year that the INDA was 

submitted, depreciated annually (measured in 

thousands of US dollars)  

Size of the firm at the start of 

pre-clinical research 

The number of employees at the firm in the year that 

the first application for a drug patent was filed 

(measured in thousands)  

Size of the firm at the start of 

clinical development 

The number of employees at the firm in the year that 

the INDA was submitted (measured in thousands) 
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Table 1 (continued) 

Control variables 

Patent application year The year in which the first application for a patent 

claiming a component of the drug was filed 

INDA submission year The year in which the INDA was submitted 

Therapeutic type The therapeutic classification of the drug based on in 

its active ingredient.  

Founding year The year in which the firm was founded 

Age at the start of pre-clinical 

research 

The age of the firm when the first application for a 

drug patent was filed, calculated as the number of 

years since founding  

Age at the start of clinical 

development  

The age of the firm when the INDA was submitted, 

calculated as the number of years since founded 

Public status at the start of 

clinical development  

An indicator for the firm's status as a publicly traded 

company when the INDA was submitted  

Location of firm headquarters Indicator for the location of the firm’s headquarters 

(North America, Europe or Asia / Australia) 
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Table 2: Schoenfeld residuals 

 

Pre-clinical Research Clinical Development Complete Development 

 

Rho (Chi – square) 

 

Age 0.1779 * 0.0531 -0.0221 

 -(6.22) (0.57) (0.30) 

Employees  -0.1737 *  0.0309 -0.0439 

 (5.21) (0.22) (1.61) 

Public status -0.0429 0.0873 -0.0047 

 (0.38) (1.82) (0.01) 

Headquarters -0.0147 0.0065  -0.0697 * 

 (0.05) (0.02) (3.45) 

Missing R&D data -0.0455 -0.0733 0.0693 * 

 (0.41) (1.32) (3.60) 

INDA date   0.1479 * 

   (11.27) 

Therapeutic type -0.0078  -0.00279 0.0100 

 (0.01) (0.00) (0.06) 

Number of components -0.0131 0.0711 0.1102 * 

 (0.03) (0.65) (3.79) 

Integration time -0.1026   0.1692 * 

 (1.86)  (14.50) 

Time to complete Pre-

clinical research  -0.0317  

  (0.18)  

Citations made 0.0062 0.0520 0.0120 

 (0.01) (0.46) (0.07) 

Priority 0.0756 0.0364  -0.0541 

 (1.02) (0.28) (1.92) 

NME   0.1420 * 

   (13.70) 

Proportion of external 

components 0.0629 0.1497 * 0.0989 

 (0.83) (4.47) (8.40) 

R&D investments 0.0224 0.0398 0.0278 

 (0.09) (0.34) (0.55) 

Patents issued to the firm -0.0105 0.0076 0.1303 * 

 (0.02) (0.01) (2.94) 

Drugs developed by the firm  0.1699 * -0.0570 0.0479 

 (5.74) (0.57) (0.99) 

Correlation shown with standard errors in parentheses 

 *Denotes statistically significant effect (P <0.1) 
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Table 3: Descriptive Statistics 

 Mean  

(St. Dev.) 

Min, Max 

 Pre-clinical Research  

(n = 163) 

Clinical Development  

(n = 189) 

Complete Development 

(n = 441) 

Time to complete (days) 1419.16 

(1148.16) 

2825.64  

(1124.01)  

3795.09 

(1638.69) 

14, 5219 951, 7716 294, 8633 

Technological characteristics of the research project  

Patented drug components 3.53 

(2.74) 

3.34 

(2.64) 

3.57 

(2.97) 

1, 22 1, 22 1, 22 

Time to integrate components 

(days) 

676.75  

(612.48) 

665.77 

(601.99) 

596.89 

(566.81) 

0, 2475 0, 2475 0, 3174 

Mean number of citations to prior 

art 

13.38  

(22.50) 

14.81  

(30.91) 

17.66 

(28.39) 

0, 254.17 0, 323 0, 3174 

FDA priority classification * 0.31 

(0.47) 

0.31  

(0.47) 

0.28 

(0.45) 

0, 1 0, 1 0, 1 

Use of components generated by other entities 

Proportion of components 

generated by other entities 

0.64  

(0.48) 

0.53  

(0.45) 

0.55  

(0.45) 

0, 1 0, 1 0, 1 

Proportion of components 

generated by other firms 

0.44  

(0.45) 

0.46 

(0.45) 

0.48 

(0.45) 

0, 1 0, 1 0, 1 

Proportion of components 

generated by academic research 

institutions  

0.07  

(0.22) 

 0.07 

(0.22) 

0.08 

(0.23) 

0, 1 0, 1 0, 1 

At least one component generated 

another entity 

0.52 

(0.45) 

0.64  

(0.48) 

0.67 

(0.47) 

0, 1 0, 1 0, 1 

Firm R&D capabilities at the start of a research project  

Number of biomedical patents 

issued to the firm 

2.86  

(5.49) 

 1.3   

(3.14)  

1.99 

(8.71) 

0, 2.79 0, 18.49 0, 17.27 

Number of drugs developed by 

the firm (hundreds) 

10.91 

(15.79) 

24.39  

(38.33) 

23.83 

(44.02) 

0, 124 0, 249.47 0, 319 

R&D investments
 1 

(thousands of 

US dollars) 

2901.06  

(2113.736) 

2792.92  

(2719.953) 

1872.43 

(1823.006) 

6.722, 14177.640 1.88,  16332.91 0.98, 12250.18 
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Table 3 (continued) 
Controls: Characteristics of the research projects 

 Initiation year 
2 

1989  

(4.63) 

1993 

(4.42) 

1994 

(5.40) 

1975, 2001 1981, 2003 1978, 2008 

Controls: Firm characteristics  

Age 55.47  

(48.85) 

58.89  

(48.91) 

53.88 

(47.69) 

0, 214 0, 218 0, 219 

Number of employees (thousands) 34.83  

(27.99) 

27.47 

( 24.06) 

26.85 

(26.37) 

0.01, 284 0.01, 231 0, 219 

Status as a publicly traded firm * 0.61 

 (0.39) 

0.56  

(0.49) 

0.50 

(0.50) 

0, 1 0, 1 0, 1 

Missing data on R&D 

expenditures and employees at 

start of the project *  

0.36  

(0.48) 

 0.46  

(0.49) 

0.36 

(0.48) 

0, 1 0, 1 0, 1 

 
* Binary indicator  
2 
The year in which a pre-clinical research was initiated is defined as the year in which the first application 

for a patent claiming a component of the drug was filed. The year in which a clinical development project 

was initiated is defined as the year in which the INDA was submitted.  
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Table 4: Number of R&D projects performed by publicly and privately owned firms 

Status Number of research projects 

 Pre-clinical research Clinical development Complete development 

Public  100 84 222 

Private  63 105 220 
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Table 5: Number of R&D projects performed by firms headquartered in each region 

Region Number of research projects 

 Pre-clinical research Clinical development Complete development 

North America 88 108 269 

Europe 62 66 142 

Asia and Australia 13 15 30 
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Table 6: Types of therapeutics developed 

Therapeutic type Number of drugs  

 Pre-clinical research Clinical development  Complete development 

Other
2
 [0] 40 47 106 

Anti-infective [1] 34 35 77 

Anti-neoplastic [2] 22 25 49 

Cardiovascular [3] 15 20 53 

Central Nervous System [4] 24 29 76 

Gastrointestinal [5] 10 11 23 

Hormone [6] 18 22 58 
2 
Other includes eight sub-categories: anti-histamine; anti-inflammatory; autonomic; blood; bone; 

diagnostic agents; eyes, ears, nose, and throat; and skin. 
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Table 7: Pairwise correlations of the characteristics of for pre-clinical research projects 

 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 

              

1. Age 1.00             

2. Employees 0.59 1.00            

3. Public -0.40 -0.33 1.00           

4. Headquarters 0.02 -0.05 -0.15 1.00          

5. Missing data 0.30 0.22 -0.29 0.54 1.00         

6. Time to complete pre-clinical 

research -0.04 -0.12 0.01 0.06 -0.03 1.00        

7. Number of components 0.02 -0.15 -0.11 0.14 0.04 0.23 1.00       

8. Citations made -0.08 -0.04 0.08 0.09 -0.02 0.01 0.15 1.00      

9. Priority 0.11 0.04 -0.06 -0.01 0.10 0.00 0.09 -0.10 1.00     

10. Proportion of components 

generated by others -0.18 -0.07 0.12 0.09 -0.20 -0.09 -0.18 -0.04 -0.15 1.00    

11. Number of patents 0.43 0.22 -0.37 0.15 0.32 0.04 0.14 -0.05 0.22 -0.22 1.00   

12. Number of drugs -0.03 -0.03 0.22 -0.01 0.08 0.12 -0.07 -0.08 0.00 -0.07 -0.02 1.00  

13. R&D investments 0.62 0.77 -0.38 -0.07 0.22 -0.09 -0.15 0.03 0.05 -0.15 0.43 -0.03 1.00 
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Table 8: Results of Cox hazard model of completing pre-clinical research 

 Control Model Full Models  

 Age Founding year At least one 

external 

component 

Proportion of 

external 

components 

Proportions of 

components 

from firms and 

academic 

institutions  

 C1 C2 F1 F2 F3 

Age 0.0051 *  0.0049 * 0.0044 * 0.0044 * 

 (0.0021)  (0.0025) (0.0026) (0.0026) 

Founding year  -0.0049 *    

  (0.0022)    

Employees -0.0114 -0.0113 -0.0114 -0.0112 -0.0127 

 (0.0071) (0.0072) (0.0122) (0.0126) (0.0127) 

Employees – 

squared 
0.0001 * 0.0001 * 0.0001 * 0.0001 0 

 (0.0000) (0.0000) (0.0000) (0.0000) (0.0000) 

Public status 0.3505 * 0.3513 * 0.3886 * 0.3658 0.3389 

 (0.1733) (0.1725) (0.2367) (0.2363) (0.2284) 

Headquarters -0.0629 -0.0483 -0.2771 -0.2395 -0.2513 

 (0.2246) (0.2263) (0.3034) (0.2948) (0.2989) 

Missing R&D 

data 
0.0306 0.0189 0.1622 0.1236 0.1259 

 (0.2377) (0.2391) (0.3286) (0.3272) (0.3295) 

Anti-infective 

therapeutic 
-0.5607 * -0.5566 * -0.6488 * - 0.6462 * -0.6444 * 

 (0.2209) (0.2193) (0.2529) (0.2514) (0.2538) 

Gastrointestinal 

therapeutic 
0.7489 * 0.7507 * 0.6486 * 0.6853 * 0.6435 * 

 (0.2948) (0.2943) (0.3296) (0.3258) (0.3300) 

Number of 

components 
  0.0300 0.0439 0.0476 

   (0.0401) (0.0456) (0.0468) 

Integration time   -0.0001 -0.0001 -0.0001 

   (0.0002) (0.0002) (0.0002) 

Citations made   0.0001 0.0004 0.0007 

   (0.0027) (0.0026) (0.0027) 

Priority   -0.2483 -0.2610 -0.2469 

   (0.1898) (0.1901) (0.1909) 
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Table 8 (continued) 
At least one 

external 

component 

  0.3738   

   (0.2969)   

Proportion of 

external 

components 

   0.3502  

    (0.3045)  

Proportion of 

components 

from other 

firms 

    0.3885 

     (0.3085) 

Proportion of 

components 

from academic 

institutions 

    0.0717 

     (0.4689) 

R&D 

investments 
  0.0000 0.0000 0.0000 

   (0.0001) (0.0004) (0.0001) 

Patents issued 

to the firm 
  0.0000 0.0008 0.0000 

   (0.0004) (0.0019) (0.0004) 

Drugs 

developed by 

the firm  

  0.0008 0.0008 0.0006 

   (0.0019) (0.0019) (0.0019) 

      

Wald Chi – 

Square 

26.73 26.31 35.04 36.39 35.93 

AIC 500.10 500.19 511.26 511.67 513.28 

BIC 524.85 524.94 560.76 561.17 565.87 

 

Regression coefficients shown with standard errors in parentheses  

* Denotes statistically significant effect with P < 0.1
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Table 9:  Results of Cox hazard of completing pre-clinical research by therapeutic 

type 

 C3 

Age 0.0049 * 

 (0.0023) 

Employees -0.0121 

 (0.0077) 

Employees – squared 0.0001 * 

 (0.0000) 

Public status 0.3107 * 

 (0.1781) 

Headquarters -0.0993 

 (0.2206) 

Missing R&D data 0.0279 

 (0.2370) 

Anti-infective -0.4088 * 

 (0.2529) 

Anti-neoplastic 0.2796 

 (0.3181) 

Cardiovascular -0.1213 

 (0.3801) 

Central Nervous System 0.3618 

 (0.3191) 

Gastrointestinal 0.8548 * 

 (0.3115) 

Hormone 0.2392 

 (0.2620) 

 

Regression coefficients shown with standard errors in parentheses  

* Denotes statistically significant effect with P < 0.1
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Table 10: Pair-wise correlations of characteristics of clinical development projects 

 1 2 3 4 5 6 7 8 9 10 11 12 13 

              

1. Age 1.00             

2. Employees 0.60 1.00            

3. Public -0.29 -0.24 1.00           

4. Headquarters 0.02 0.00 -0.17 1.00          

5. Missing data 0.36 0.27 -0.37 0.44 1.00         

6. Time to complete pre-

clinical research 

0.05 0.01 -0.03 -0.04 0.09 1.00        

7. Number of components -0.01 -0.12 -0.13 0.12 -0.01 0.05 1.00       

8. Citations made 0.00 0.02 -0.04 0.11 0.03 -0.12 0.10 1.00      

9. Priority 0.06 0.06 -0.01 -0.01 0.05 0.08 0.09 -0.10 1.00     

10. Proportion of components 

generated by others 

-0.22 -0.12 0.08 0.06 -0.23 -0.02 -0.15 -0.09 -0.11 1.00    

11. Number of patents 0.47 0.28 -0.33 0.12 0.25 0.02 0.00 0.14 0.16 -0.23 1.00   

12. Number of drugs 0.09 0.03 0.20 0.03 0.04 0.09 -0.10 -0.06 -0.03 0.02 -0.04 1.00  

13. R&D investments 0.58 0.66 -0.30 0.10 0.27 0.16 -0.15 0.09 -0.03 -0.15 0.43 0.00 1.00 
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Table 11: Results of Cox hazard model of completing clinical development 

  

 Control Models  Full Models 

 Age Founding year At least one 

external 

component 

Proportion of 

external 

components 

Proportions of 

components from 

firms and academic 

institutions  

 C4 C5 F4 F5 F6 

      

Age 0.0000  -0.0025 -0.0025 -0.0023 

 (0.0019)  (0.0018) (0.0018) (0.0018) 

Founding year  -0.0002    

  (0.0018)    

Employees  0.0089 * 0.0087 * 0.0048 0.0051 0.0059 

 (0.0034) (0.0033) (0.0039) (0.0037) (0.0037) 

Public status 0.0806 0.0813 -0.0992 -0.0924 -0.0695 

 (0.1904) (0.1912) (0.1873) (0.1870) (0.1869) 

Headquarters -0.3837 * -0.3784 * -0.4562 * -0.3977 * -0.4066 * 

 (0.1747) (0.1753) (0.2149) (0.2147) (0.2188) 

Missing R&D 

data 
0.3859 * 0.3757 * 0.3597 0.3397 0.3274 

 (0.2244) (0.2240) (0.2494) (0.2495) (0.2512) 

Anti-neoplastic 

therapeutic 
-0.4346 -0.4343 -0.3443 -0.3472 -0.3875 

 (0.2713) (0.2713) (0.2725) (0.2753) (0.2772) 

CNS 

therapeutic 
-0.4879 * -0.4905 * -0.3731 -0.3830 -0.4035 * 

 (0.2327) (0.2334) (0.2397) (0.2382) (0.2390) 

Number of 

components 
  0.0359 0.0248 0.0191 

   (0.0263) (0.0289) (0.0305) 

Pre-clinical 

research time 
  0.0082 * 0.0081 * 0.0077 * 

   (0.0024) (0.0024) (0.0024) 

Citations made   0.0030 * 0.0027 * 0.0028 * 

   (0.0015) (0.0016) (0.0016) 

Priority   0.0626 0.0604 0.0333 

   (0.1777) (0.1836) (0.1864) 
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Table 11 (continued) 
At least one 

external 

component 

  -0.1109   

   (0.2088)   

Proportion of 

external 

components 

   -0.2688  

    (0.2248)  

Proportion of 

components 

from other 

firms 

    -0.3299 

     (0.2329) 

Proportion of 

components 

from academic 

institutions 

    0.1796 

     (0.4041) 

R&D 

investments 
  0.0001 * 0.0001 * 0.0001 

   (0.0001) (0.0001) (0.0001) 

Patents issued 

to the firm 
  -0.1240 -0.1438735 * -0.1415974 * 

   (0.0817) (0.0815) (0.0800) 

Patents issued – 

squared 
  0.0107 * 0.0120 * 0.0121 * 

   (0.0052) (0.0051) (0.0050) 

Drugs 

developed by 

the firm  

  0.1497 * 0.1531 * 0.1623 * 

   (0.0535) (0.0536) (0.0536) 

      

Wald Chi-

Square 

25.38 25.45 64.9 72.36 74.74 

AIC 622.37 622.36 613.63 612.55 613.41 

BIC 645.06 645.05 665.50 664.42 668.52 

 

Regression coefficients shown with standard errors in parentheses  

* Denotes statistically significant effect with P < 0.1 
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Table 12: Results of Cox hazard of completing pre-clinical research by therapeutic 

type 

 

 C6 

Age 0.0003 

 (0.0019) 

Employees   0.0073 * 

 (0.0036) 

Public status 0.1025 

 (0.2030) 

Headquarters -0.4352 

 (0.1839) 

Missing R&D data 0.4776 

 
(0.2300) 

Anti-infective -0.3511 

 (0.2696) 

Anti-neoplastic -0.7585 * 

 (0.3258) 

Cardiovascular  -0.4912 

 (0.3604) 

Central Nervous System -0.7933 

 (0.2870) 

Gastrointestinal -0.5331 

 (0.2935) 

Hormone -0.3714 

 -0.25 

 

Regression coefficients shown with standard errors in parentheses  

* Denotes statistically significant effect with P < 0.1



 

192 

 

Table 13: Pair-wise correlations of characteristics of drug development projects 

 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1. Age 1.00                

2. 

Employees 

0.63 1.00               

3. Indicator 

for missing 

data 

0.33 0.26 1.00              

4. Public 

status 

-0.31 -0.28 -0.31 1.00             

5. 

Headquarter

s 

-0.04 -0.05 0.40 -0.18 1.00            

6. INDA 

date 

available 

0.04 0.04 0.01 0.04 -0.07 1.00           

7. Number 

of 

components  

0.07 -0.03 0.14 -0.20 0.10 -0.07 1.00          

8. 

Integration 

time 

-0.08 -0.09 -0.07 -0.04 0.10 0.10 0.07 1.00         

9. Citations 

made 

-0.04 0.01 0.02 -0.05 0.09 -0.09 0.18 0.00 1.00        

10. Priority 

drug 

0.09 0.06 0.06 -0.08 0.04 0.08 -0.02 -0.01 -0.07 1.00       

11. NME 

drug  

0.14 0.13 0.04 -0.04 -0.05 0.53 -0.12 0.08 -0.11 0.30 1.00      
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Table 13 (Continued) 
12. 

Proportion 

of external 

components 

-0.23 -0.11 -0.22 0.15 0.01 -0.05 -0.11 -0.07 0.00 -0.13 -0.08 1.00     

13. 

Proportion 

of 

components 

from other 

firms 

-0.15 -0.04 -0.20 0.17 -0.03 -0.04 -0.08 -0.03 -0.05 -0.17 -0.10 0.86 1.00    

14. 

Proportion 

of 

components 

from 

academic 

institutions 

-0.14 -0.13 -0.03 -0.04 0.06 -0.02 -0.05 -0.06 0.09 0.08 0.03 0.24 -0.28 1.00   

15. Patents 

issued to 

firm  

0.12 0.06 0.06 -0.07 0.05 -0.03 0.01 -0.02 0.04 0.01 -0.02 -0.03 0.00 -0.05 1.00  

16. Drugs 

developed 

by the firm  

0.08 0.02 0.07 0.10 0.05 0.02 0.00 0.04 -0.08 0.03 0.07 -0.04 0.00 -0.09 0.24 1.00 

17. R&D 

investments  

0.69 0.79 0.28 -0.31 0.02 0.09 -0.05 -0.10 0.07 0.08 0.14 -0.20 -0.12 -0.14 -0.04 0.24 
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Table 14: Results of Cox hazard model of completing drug development 

 

 Control Models Full Models 
 Age-squared Founding year At least one 

external 

component 

Proportion of 

external 

components 

Proportions of 

components 

from firms and 

academic 

institutions  

 C8 C9 F7 F8 F9 

      

Age 0.0131 *  0.0067 0.0065 0.0068 

 (0.0045)  (0.0047) (0.0047) (0.0048) 

Age-squared -0.0001 *  -0.00005 * -0.00005 * -0.00005 * 

 (0.0000)  (0.0000) (0.0000) (0.0000) 

Founding year  0.0003    

  (0.0016)    

Employees 

(log) 

-0.0672 * -0.0463 -0.2682 *   

 (0.0472) (0.0472) (0.1375)   

Public status -0.0349 -0.0474 -0.2162 * -0.2136 * -0.2129 * 

 (0.1241) (0.1224) (0.1266) (0.1264) (0.1265) 

Headquarters -0.1099 -0.1173 0.1784 0.1684 0.1719 

 (0.1254) (0.1235) (0.1511) (0.1452) (0.1464) 

Missing R&D 

data 

0.0915 0.1322 -0.1981 -0.1891 -0.2014 

 (0.1712) (0.1674) (0.1819) (0.1828) (0.1888) 

INDA date 0.0361 0.0323 0.0841 0.0853 0.0867 

 (0.0997) (0.0992) (0.1157) (0.1151) (0.1155) 

Anti-infective 

therapeutic 

0.2976 * 0.3043 * 0.1153 0.1168 0.1164 

 (0.1295) (0.1275) (0.1483) (0.1496) (0.1511) 

Anti-neoplastic 

therapeutic 

0.4157 * 0.4029 * 0.2655 0.2721 0.2665 

 (0.173) (0.173) (0.175) (0.174) (0.175) 

Number of 

components 

  -0.0287 * -0.0298 * -0.0300 * 

   (0.0165) (0.0167) (0.0167) 

Integration 

time 

  -0.0243 * -0.0245 * -0.0245 * 

   (0.0031) (0.0032) (0.0032) 

Citations made   0.0057 * 0.0057 * 0.0056 * 

   (0.0017) (0.0017) (0.0017) 

Priority   0.0517 0.0514 0.0427 

   (0.1332) (0.1314) (0.1313) 
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Table 14 (Continued) 
NME   0.1092 0.1077 0.1053 

   (0.1453) (0.1445) (0.1451) 

At least one 

external 

component 

  -0.0834   

   (0.1389)   

Proportion of 

external 

components 

   -0.0627  

    (0.1408)  

Proportion of 

components 

from other 

firms 

    -0.0857 

     (0.1470) 

Proportion of 

components 

from academic 

institutions 

    0.0780 

     (0.2306) 

R&D 

investments 
  0.2217 * 0.2217 * 0.2215 * 

   (0.1313) (0.1313) (0.1314) 

Patents issued 

to the firm 
  -0.0015 -0.0016 -0.0014 

   (0.0025) (0.0025) (0.0025) 

Drugs 

developed by 

the firm  

  0.0222 * 0.0221 * 0.0229 * 

   (0.0061) (0.0062) (0.0064) 

      

Wald Chi – 

Square 

26.07 14.18 157.8 153.98 155.71 

AIC 1920.13 1926.93 1853.28 1853.49 1855.08 

BIC 1956.93 1959.64 1926.88 1927.09 1932.78 

Regression coefficients shown with standard errors in parentheses  

* Denotes statistically significant effect with P < 0.1 
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Table 15: Results of Cox hazard of completing pre-clinical research by therapeutic 

type 

 

 C9 

  

Age 0.0003 

 (0.0019) 

Employees   0.0073 * 

 (0.0036) 

Public status 0.1025 

 (0.2030) 

Headquarters -0.4352 

 (0.1839) 

Missing R&D data 0.4776 

 (0.2300) 

Anti-infective -0.3511 

 (0.2696) 

Anti-neoplastic -0.7585 * 

 (0.3258) 

Cardiovascular  -0.4912 

 (0.3604) 

Central Nervous System -0.7933 

 (0.2870) 

Gastrointestinal -0.5331 

 (0.2935) 

Hormone -0.3714 

 (0.2456) 

Regression coefficients shown with standard errors in parentheses  

* Denotes statistically significant effect with P < 0.1 
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Table 16: Comparison of Results 

 Pre-clinical research  Clinical development  Complete development  

Covariate Hypothesize

d effect on 

hazard 

Observed 

Effect  

Hypothesize

d effect on 

hazard 

Observed 

Effect  

Hypothesize

d effect on 

hazard 

Observed 

Effect  

Controls 

Age  + + NE NS + NS 

Public status + NS NE NS + - 

Employees + NS NE NS + - 

Headquarters NE NS NE - NE NS 

Therapeutic 

type 

NE Anti-

infective (-) 

Gastrointes

tinal  

(+) 

NE Anti-

neoplastic  

(+) 

CNS 

(+) 

NE Anti-

infective 

(+)  

Anti-

neoplastic 

(+) 

Technological characteristics 

Number of 

components 

- NS NE NS - - 

Time taken to 

integrate 

components 

- NS   - - 

Time to 

complete pre-

clinical 

research  

  + +   

Building on 

S&T 

knowledge: 

Citations made 

+ NS NE + + + 

Priority drug  - NS - NS - NS 

New Molecular 

Entity 

    - NS 
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Table 16 (Continued) 
Proportion of 

externally 

generated 

components  

- NS NE NS - NS 

R&D capabilities 

R&D 

Investments 

+ NS + + + + 

Pre-clinical 

capabilities:  

Patents issued to 

the firm  

+ NS - - + NS 

Clinical 

capabilities: 

Drugs developed 

by the firm 

+ NS + + + 

 

+ 
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Figure 1: Drug development process 

 

 
 



 

200 

 

Figure 2: Data architecture 
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Figure 3: Hazard of completing a pre-clinical research project by project initiation 

year 
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Figure 4: Cumulative Hazard of completing a pre-clinical research project               

by project initiation year 
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Figure 5: Hazard of completing a clinical development project  by project initiation 

year 
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Figure 6: Hazard of completing a clinical development project  by project initiation 

year 

 

 

 
 



 

205 

 

Figure 7: Hazard of completing drug development by project initiation year 
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Figure 8: Cumulative hazard of completing drug development                                   

by project initiation year 
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