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Impact of organ-on-a-chip technology
on pharmaceutical R&D costs
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Healthcare systems are faced with the challenge of providing innovative treatments, while shouldering

high drug costs that pharmaceutical companies justify by the high costs of R&D. An emergent

technology that could transform R&D efficiency is organ-on-a-chip. The technology bridges the gap

between preclinical testing and human trials through better predictive models, significantly impacting

R&D costs. Here, we present an expert survey on the future role of organ-on-a-chip in drug discovery and

its potential quantitative impact. We find that the technology has the potential to reduce R&D costs

significantly, driven by changes in direct costs, success rates and the length of the R&D process. Finally,

we discuss regulatory challenges to efficiency improvements.
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Introduction
Healthcare systems are faced with the challenge

of providing access to innovative and lifesaving

treatments while shouldering the cost of ex-

pensive medicines. Pharmaceutical companies

often justify high drug prices by the costs of

pharmaceutical R&D. The actual R&D costs,

however, are unknown to the public and highly

disputed [1,2]. Because there is no direct rela-

tionship between costs and pricing [3,4],

transparency in aspects of both processes

contributes to the debate on acceptable prices

[5]. Additionally, R&D requires a large amount of

externally financed capital, which restricts the

market entry of biotechnology companies [6].

The cost of R&D, therefore, burdens society by

limiting innovation and ostensibly keeping drug

prices high. R&D cost and efficiency data are

sparse but relevant for all stakeholders.
1720 www.drugdiscoverytoday.com
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Industry and academia are constantly seeking

to increase the efficiency of pharmaceutical R&D

by improving the ratio between investment

(input) and new drugs (output). The main drivers

of costs are success rates, development time

(cycle time) and the direct costs per R&D project

(costs-per-project) [7,8]. These cost drivers differ

significantly between R&D phases [8]. For in-

stance, 60–75% of all projects that succeed in

non-human phases with lower costs-per-project

fail in the more expensive Phase II, and 20–30%

fail in Phase III [8,9]. About 50% of these failures

are caused by insufficient drug efficacy and 15–

25% by safety concerns [10,11]. Clinical phase

failure is thus considered a major driver of R&D

costs [8,12] and better predictive models are

needed. A prominent example is the epacado-

stat/Keytruda1 combination – in April 2018 the

biotechnology company Incyte announced the
blished by Elsevier Ltd. This is an open access article under the CC BY-
failure of its Phase III combinational study in

patients with unresectable or metastatic mela-

nomas [13]. Previous studies had shown prom-

ising results and other major players were also

invested in trials. After the announcement of

failure, not only did Incyte’s stock price fall by

23% within one day [14] but Roche and Bristol-

Myers Squibb also discontinued their trials. This

example shows the consequences of late failure

and the need for better predictive models.

An emergent technology that might play a

transformative part in pharmaceutical R&D is

organ-on-a-chip. An organ-on-a-chip is a

microfluidic platform creating controlled

microenvironments with vasculature-like per-

fusion, in which human multicellular structures

mimicking the physiological architecture and

function of human tissues and organs are in-

tegrated [15,16]. The technology has been
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developed to substitute in vitro and animal

models, which often inaccurately model human

physiology [17,18]. Organ-on-a-chip technology

is thus thought to improve drug discovery by

reducing the gap between preclinical testing

and human trials [19,20]. Despite the potential

for R&D efficiency, the majority of research so far

is directed toward the biophysical potential of

organ-on-a-chip, leaving its financial impact

unclear. Although several research groups have

performed studies showing its actual potential

in drug research [21–23] and made strong

assumptions about a possible impact, no

quantitative study has been published. The

objective of this study is to explore the quan-

titative impact of organ-on-a-chip on the effi-

ciency of pharmaceutical R&D. We surveyed

experts to evaluate the technology’s impact on

R&D cost in relationship to the three main

efficiency drivers (costs-per-project, success rate

and cycle time), per R&D phase, within a time-

scale of 5 years.

Estimating the costs of R&D
Establishing an appropriate comparator is a

challenge in the impact evaluation of any new

technology in the pharmaceutical R&D process.

We assessed the expected impact of organ-on-a-

chip in comparison to the current costs of R&D

per new drug. Cost estimates were derived from

literature, because actual cost data are not

publicly available. Cost estimates per new drug

vary widely and range from US$330y [24], US

$660y [2], US$2060 [8] to US$2760y [1]. Meth-

odology and data sources are often nontran-

sparent and differ in choices like time horizon

and the approach to account for failures [2,25].

The true costs of R&D are hence unknown. To

account for this uncertainty, we assessed only a

relative change and applied this result to a cost

range of US$660–US$2760 per new drug using

two mostly cited estimates. We chose the model

of Paul et al. [8] as a primary comparator to

assess the relative change because it demon-

strates methodological transparency, and

granularly breaks down cost drivers per R&D

phase.

To estimate the costs of a drug launch, Paul

et al. [8] defined eight phases of R&D (from

‘target-to-hit’ to ‘submission to launch’), and

modeled costs per phase along the three most

important independent cost drivers: cost-per-

project, success rate, cycle time. Cost-per-proj-

ect refers to the direct costs of a project, for

example the costs of running a lab. Success rate
yConverted to 2018 US$ million.
describes the numbers of projects needed for

one launch and is used to account for the costs

of failed projects. Finally, cycle time is used as a

time reference for the duration of each phase

and the total process. Because the R&D process

is lengthy, time is used to estimate the capital-

ized costs of the investment. All variables are

analyzed on a per project basis, for example per

single drug candidate. Together, values for each

cost driver and phase are used to calculate the

overall costs of R&D per new drug [8].

Using this granular model structured the

discussion on application and impact with

experts. Fifteen experts were surveyed to

quantitatively estimate the change in cost dri-

vers per R&D phase. These data were used to

rebuild the model of Paul et al. and calculate a

total change in R&D costs. We also surveyed the

underlying uncertainty of estimates and fitted

beta distributions to the elicited data. All experts

were in leading R&D positions with practical

experience with the organ-on-a-chip. They

belonged to the stakeholder categories inno-

vative pharmaceutical (n = 7), biotechnology (n

= 3), academia (n = 3), organ-on-a-chip devel-

oper (n = 1) and regulator (n = 1). Detailed

explanations of the model are presented in

supplementary files (see supplementary mate-

rial S1 online).

Total impact on R&D costs
We sought to fill a gap in the knowledge

surrounding organ-on-a-chip by determining

its impact on pharmaceutical R&D costs after

promising results appeared in several studies

regarding its biophysical potential [21–23].

Overall, the surveyed exerts confirmed the

significant potential impact of organ-on-a-

chip on the total costs of R&D over a modeled

timescale of 5 years. With an average total R&D

cost reduction of 10–26%, the experts esti-

mated a positive (cost saving) impact of the

technology. Experts estimated that the impact

of organ-on-a-chip on R&D could range be-

tween �32% (reduction) to +3% (increase).

Figure 1 shows the combined probability

density function of the elicited beta distribu-

tion including the 95th confidence interval.

Fifty percent of the distribution values fall

between �26% and �10% change of total

R&D cost reduction, and 80% of the distribu-

tion values lie between �30% and �4%. The

combined probability distribution of all

experts on total R&D costs consisted of the

following limits: lower limit �32%; Q1 �26%;

median �19%; Q3 �10%; upper limit +3%. The

corresponding beta-distribution was defined

with parameters a ¼ 0:9643751 and b ¼
1:360814 standard errors of the elicited limits

and percentiles ranged from 1.5% for lower limit

and 0.8% for Q3. Applying cost reductions of 10–

26% to estimates of total R&D costs, absolute

cost savings in an average scenario range from

US$66–169 million [2] to US$276–706 million [1].

Further information on a scenario analysis can

be found in the supplementary information (see

supplementary material S3 online).

Impact per cost driver and R&D phase
The experts reported the most impact in the

preclinical phase where 73% of experts identified

a change in cost-per-project, 80% in success rate

and 40% in cycle time. Lead optimization was the

second-most impacted phase (53% cost-per-

project, 47% success rate and67% cycle time). The

biggest impact was reported in the cost-per-

project in the preclinical phase (Q1 �21%), cycle

time in lead optimization (Q1 �19%) and success

rate in Phase II (Q3 +17%) (Fig. 2).

We analyzed how the isolated cost drivers

impact the cost reduction (Fig. 3). Here, baseline

costs were applied to two drivers to examine the

total cost change attributable to the third vari-

able. Success rate was the biggest driver of

efficiency change (lower limit �22%; Q1 �26%;

median �13%; Q3 �10%; upper limit 0%), fol-

lowed by the costs-per-project (lower limit

�14%; Q1 0%; median �4%; Q3 �9% upper

limit +5%). The smallest reduction, but the

highest level of certainty, was seen in the cycle

time (lower limit �5%; Q1 �2%; median �3%;

Q3 �5%; upper limit �1%). Additionally, we

conducted a series of additional analyses, in-

cluding two granular cost driver analyses, sen-

sitivity analyses and scenario analyses, which we

present in the supplementary information (see

supplementary material S3 online).

Connecting impact estimates and areas of
application
With 73% of experts believing in an impact on

the cost-per-project, and 80% in an impact on

the success rates, the preclinical phase showed

the highest applicability, followed by the lead

optimization phase. Because organ-on-a-chip is

thought to substitute animal models and 2D cell

culture assays, this confirms the areas of tech-

nical application that have been discussed

[15,18,19]. As organ-on-a-chip increases the

predictability in early R&D phases, success rates

increase because only projects with a better

chance of success will be selected. Hence, fewer

projects at early stages are needed to achieve a

launch of a new drug. The large impact on the

cost-per-project of the preclinical phase (Q1

�21%) and the cycle time of the lead optimi-
www.drugdiscoverytoday.com 1721
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FIGURE 1

Relative likelihood of organ-on-a-chip-induced change in total R&D costs: probability density function (PDF) of the beta distribution. Analysis of the relative
likelihood of the change in total R&D costs owing to organ-on-a-chip in 5 years. The probability density function (y axis) is plotted as a function of the from the
experts’ survey probable change in total R&D costs (x axis). The dashed lines represent the 95th confidence interval of all values. The shaded area represents the
area under the curve: 50% of all values show a reduction in total R&D costs of 10–26% (dark gray). Eighty percent of the values show a reduction in total R&D
costs of 4–30% (light gray).
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FIGURE 2

Impact of organ-on-a-chip on cost drivers per R&D phase. Analysis of the change in cost drivers per R&D phase owing to organ-on-a-chip in 5 years. Experts
(n = 15) were allowed to choose a maximum of three phases per cost driver, in which they estimated organ-on-a-chip to have the most impact. The percentage
of experts that believe in a change is shown in brackets. The level of relative change in cost drivers (percent) per R&D phase is represented by the bars.
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zation phase (Q1 �19%) are also a result of

better predictability. The experts believed that

the technology will help to make quicker and

more-precise decisions during these stages. We
1722 www.drugdiscoverytoday.com
also reported an effect on the success rates (Q3

�17%) and cost-per-project (Q1 �15%) of Phase

II. Our results showed, however, disagreement

among experts whether and to what degree the
technology will increase predictability in clinical

phases within 5 years. Only 13–33% of experts

(depending on the cost driver) expected an

impact in Phase I–III. From these experts, the
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FIGURE 3

Cost driver analysis. Analysis of the impact of the cost drivers on a change in total R&D costs. The vertical lines show the range of possible values and represent
the minimum and maximum values. The gray columns represent the interquartile range of the results (n = 15).
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majority reported an effect in Phase II, sug-

gesting that the technology’s advantages are

mainly in terms of efficacy and not safety.

Experts discussed that a better understanding of

the target population could lead to easier, more-

targeted patient recruitment. One expert

remarked that, if organ-on-chip was capable of

identifying appropriate biomarkers, it would be

the ‘Holy Grail’ of biotechnology.

Looking at the importance of the different cost

drivers, our results showed a significant 10–26%

reduction potential in total R&D costs, mostly

drivenbyimprovements insuccess rates (Q1+12%;

Q3 +38%) and the cost-per-project (Q1 �1%; Q3

�9%). The high impact of the changed success

rates shows the high influence of the indirect costs

of failure. In our model and that of Paul et al. [8], the

success rate of Phase II was the most important

efficiency driver [8]. However, as previously dis-

cussed, there is disagreement between experts as

to whether organ-on-a-chipwill fulfill this potential

within 5 years. The importance of other drivers of

R&D costs differs between our results and the

model of Paul et al. [8] – success rates in the

preclinical phase and the cost-per-project in Phase

II are less important in the lattermodel (rank 12 and

8)andarethusaresultofa largechangerather than

the sensitivity of the model. The success rate in

Phase III was ranked second place in terms of

sensitivity by Paul et al. [8] but did not drive the

impact of organ-on-a-chip in our analysis.

Changes in the R&D environment
Organ-on-a-chip could considerably change

the existing R&D framework. At the current
technological stage, changes are driven by

developers and pharmaceutical companies.

With better predictive tools, the industry is

likely to move toward a model where a proof-

of-concept is sought at a much earlier phase.

This potentially reduces financial risks and

capital requirements of pharmaceutical com-

panies. Next to uncertainties originating from

the study design (see supplementary material

S5 online), there are technical uncertainties

that reflect this initial change within pharma-

ceutical companies. The extent to which organ-

on-a-chip can evolve in terms of predictability

and applicability to the human biophysiology is

yet to be seen. Challenges of automation,

parallelization, standardization and ease of use

remain, which are crucial for the adoption in an

industrial setting [26–28]. Additionally, techni-

cal requirements and adoption speed will

evolve differently for therapeutic areas and

mechanisms-of-action of the diseases [29].

These concerns are driving the current tech-

nical discussions among experts.

Another driver of uncertainty is how regula-

tion will adapt to technological changes. This

process will determine whether organ-on-a-chip

will be a mere addition to existing R&D proce-

dures or a substitute to conventional protocols,

triggering a fundamental change in the R&D.

There is uncertainty as to how a highly regulated

environment such as the pharmaceutical R&D

process could change the status quo of in vitro

protocols and animal models that, although

with limitations of their own, are very well

defined. Surveyed regulators stressed this
challenge and emphasized the importance of

meaningful data provision from industry.

Skepticism that technology can reduce
R&D costs
Overall, the modeled cost reduction of 10–26% in

the average scenario is substantial and leads to

savings of up to US$169 million [2] and US$706

million [1] per new drug reaching the market.

Although our results showed a clear trend, the

actual magnitude of impact can only be an esti-

mate. Because all of our experts are either already

using or highly interested in organ-on-a-chip, our

results are more likely to reflect a positive view on

the technology’s potential. Experts who are cur-

rently not working with the new technology are

likely to have a more critical perspective, as is

common in the diffusion of innovations. There is,

for example, a general skepticism toward the idea

that technology can actually reduce costs in R&D.

According to Eroom’s law, R&D becomes slower

and more expensive as a function of time, inde-

pendent of technological progress [30]. Often the

expected results, as anticipated by innovators and

early adopters, take much longer to materialize

when meeting the skepticism of the ‘late majority

and laggards’. If organ-on-a-chip increases R&D

turnover, improves drugs and/or reduces the

usage of animal models, the technology clearly

produces social benefits. In addition, because

public investmentsplayan importantpart thiscan

also trigger a public discussion if potential effi-

ciency improvements have to be openly moni-

tored and passed along to society in terms of

lower drug prices.
www.drugdiscoverytoday.com 1723
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Concluding remarks
With organ-on-a-chip systems evolving from a

theoretical concept to an actual alternative in

drug discovery and development, decision

makers are challenged to determine their

commercial viability. Based on the expert’s in-

put we estimated a reduction of 10–26% in R&D

costs per new drug, and thus a positive cost

impact. Although the discussion regarding or-

gan-on-a-chip is currently still very technical, it

is crucial that decision makers consider the

challenge of adapting the regulatory environ-

ment to keep pace with the technology’s

maturation. More research is necessary to an-

alyze regulatory challenges as well as actual

insight in the exact cost impact. A public dis-

cussion is also needed to establish the impor-

tance of social returns, specifically in the form

of lower drug prices.

Acknowledgments
We are grateful to the 17 experts for their

willingness and time to give interviews for the

impact study. The authors would like to thank

Massimo Mastrangeli (TU Delft, The

Netherlands) and Sylvie Millet (CEA, Grenoble,

France) for their support in defining the experts

for the interviews; and Adele Tufford for her

help with the review of the manuscript. Finally,

we would like to express our sincere gratitude

for the support of the ORCHID consortium to

this research. This project has received funding

from the EU’s Horizon 2020 research and

innovation program under grant agreement no.

766884.

Appendix A. Supplementary data
Supplementary material related to this article

can be found, in the online version, at doi:

https://doi.org/10.1016/j.drudis.2019.06.003.

References
1 DiMasi, J.A. et al. (2016) Innovation in the

pharmaceutical industry: new estimates of R&D costs.

J. Health Econ. 47, 20–33

2 Prasad, V. and Mailankody, S. (2017) Research and

development spending to bring a single cancer drug to

market and revenues after approval. JAMA Int. Med.

177, 1569–1575
1724 www.drugdiscoverytoday.com
3 Light, D.W. and Warburton, R. (2011) Demythologizing

the high costs of pharmaceutical research. BioSocieties

6, 34–50

4 Roy, V. and King, L. (2016) Betting on hepatitis C: how

financial speculation in drug development influences

access to medicines. BMJ 354 i3718

5 van Harten, W.H. et al. (2016) Actual costs of cancer drugs

in 15 European countries. Lancet Oncol. 17, 18–20

6 Gleadle, P. et al. (2014) Restructuring and innovation in

pharmaceuticals and biotechs: the impact of

financialisation. Crit. Perspect. Account. 25, 67–77

7 Schuhmacher, A. et al. (2016) Changing R&D models in

research-based pharmaceutical companies. J. Transl.

Med. 14, 105

8 Paul, S.M. et al. (2010) How to improve R&D

productivity: the pharmaceutical industry’s grand

challenge. Nat. Rev. Drug Discov. 9, 203–214

9 KMR Group Success Rates in Development: Large vs

Small Molecule Rates. Available at: https://www.

biospace.com/article/releases/-b-kmr-group-b-

success-rates-in-development-large-vs-small-

molecule-rates-/.

10 Harrison, R.K. (2016) Phase II and Phase III failures:

2013–2015. Nat. Rev. Drug Discov. 15, 817–818

11 Arrowsmith, J. and Miller, P. (2013) Trial watch: Phase II

and Phase III attrition rates 2011–2012. Nat. Rev. Drug

Discov. 12, 569

12 Ringel, M. et al. (2016) What drives operational

performance in clinical R&D? Nat. Rev. Drug Discov. 15,

155–156

13 Incyte and Merck Provide Update on Phase 3 Study of

Epacadostat in Combination with KEYTRUDA1

(pembrolizumab) in Patients with Unresectable or

Metastatic Melanoma. Available at: https://investor.

incyte.com/news-releases/news-release-details/incyte-

and-merck-provide-update-phase-3-study-

epacadostat.

14 Incyte Corp. Common Stock (INCY) Quote & Summary

Data (Vol. 2018), Nasdaq. Available at: https://www.

nasdaq.com/symbol/incy.

15 Esch, E.W. et al. (2015) Organs-on-chips at the frontiers

of drug discovery. Nat. Rev. Drug Discov. 14, 248–260

16 Bhatia, S.N. and Ingber, D.E. (2014) Microfluidic organs-

on-chips. Nat. Biotechnol. 32, 760–772

17 Balijepalli, A. and Sivaramakrishan, V. (2017) Organs-

on-chips: research and commercial perspectives. Drug

Discov. Today 22, 397–403

18 Dehne, E.M. et al. (2017) The ascendance of

microphysiological systems to solve the drug testing

dilemma. Future Sci. OA 3 FSO185

19 Probst, C. et al. (2018) High-throughput organ-on-a-

chip systems: current status and remaining challenges.

Curr. Opin. Biomed. Eng. 6, 33–41

20 Reardon, S. (2015) ‘Organs-on-chips’ go mainstream.

Nature 523, 266

21 Zhang, B. and Radisic, M. (2017) Organ-on-a-chip

devices advance to market. Lab Chip 17, 2395–2420
22 Marx, U. et al. (2016) Biology-inspired

microphysiological system approaches to solve the

prediction dilemma of substance testing. ALTEX 33,

272–321

23 Fabre, K.M. et al. (2018) Utilizing microphysiological

systems and induced pluripotent stem cells for disease

modeling: a case study for blood brain barrier research

in a pharmaceutical setting. Adv. Drug Deliv. Rev. .

http://dx.doi.org/10.1016/j.addr.2018.09.009

24 Young, B. et al. (2001) Rx R&D myths: the case against the

drug industry’s R&D ``scare card”. Public Citizen’s

CongressWatch, Washington, DC

25 Foster, A.E. and Reeves, D.J. (2017) Inpatient

antineoplastic medication administration and

associated drug costs: institution of a hospital policy

limiting inpatient administration. P&T 42, 388–393

26 Willyard, C. (2017) Channeling chip power: tissue

chips are being put to the test by industry. Nat. Med. 23,

138–140

27 Probst, C. et al. (2018) High-throughput organ-on-a-

chip systems: current status and remaining challenges.

Curr. Opin. Biomed. Eng. 6, 33–41

28 Horvath, P. et al. (2016) Screening out irrelevant

cell-based models of disease. Nat. Rev. Drug Discov. 15,

751–769

29 Ronaldson-Bouchard, K. and Vunjak-Novakovic, G.

(2018) Organs-on-a-chip: a fast track for engineered

human tissues in drug development. Cell Stem Cell 22,

310–324

30 Schulthess, D. et al. (2014) Medicine adaptive pathways

to patients (MAPPs): using regulatory innovation to

defeat Eroom’s law. Chin. Clin. Oncol. 3, 21

Nora Franzen1,2

Wim H. van Harten1,2

Valesca P. Retèl1,2

Peter Loskill3,4

Janny van den Eijnden-van Raaij5

Maarten IJzerman2,6,*

1The Netherlands Cancer Institute, PO Box 90203,
1006 BE Amsterdam, The Netherlands
2University of Twente, Department of HTSR, PO
Box 217, 7500 AE Enschede, The Netherlands
3Fraunhofer Institute for Interfacial Engineering
and Biotechnology IGB, Nobelstrasse 12, 70569
Stuttgart, Germany
4Research Institute for Women’s Health, Faculty of
Medicine, Eberhard Karls University Tübingen,
Tübingen, Germany
5Institute for Human Organ and Disease Model
Technologies (hDMT), The Netherlands
6University of Melbourne, Centre for Cancer Re-
search, Parkville, Melbourne, Australia

*Corresponding author.

https://doi.org/10.1016/j.drudis.2019.06.003
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0005
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0005
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0005
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0010
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0010
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0010
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0010
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0015
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0015
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0015
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0020
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0020
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0020
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0025
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0025
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0030
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0030
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0030
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0035
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0035
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0035
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0040
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0040
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0040
https://www.biospace.com/article/releases/-b-kmr-group-b-success-rates-in-development-large-vs-small-molecule-rates-/
https://www.biospace.com/article/releases/-b-kmr-group-b-success-rates-in-development-large-vs-small-molecule-rates-/
https://www.biospace.com/article/releases/-b-kmr-group-b-success-rates-in-development-large-vs-small-molecule-rates-/
https://www.biospace.com/article/releases/-b-kmr-group-b-success-rates-in-development-large-vs-small-molecule-rates-/
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0050
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0050
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0055
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0055
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0055
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0060
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0060
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0060
https://investor.incyte.com/news-releases/news-release-details/incyte-and-merck-provide-update-phase-3-study-epacadostat
https://investor.incyte.com/news-releases/news-release-details/incyte-and-merck-provide-update-phase-3-study-epacadostat
https://investor.incyte.com/news-releases/news-release-details/incyte-and-merck-provide-update-phase-3-study-epacadostat
https://investor.incyte.com/news-releases/news-release-details/incyte-and-merck-provide-update-phase-3-study-epacadostat
https://www.nasdaq.com/symbol/incy
https://www.nasdaq.com/symbol/incy
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0075
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0075
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0080
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0080
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0085
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0085
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0085
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0090
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0090
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0090
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0095
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0095
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0095
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0100
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0100
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0105
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0105
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0110
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0110
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0110
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0110
http://dx.doi.org/10.1016/j.addr.2018.09.009
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0120
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0120
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0120
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0125
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0125
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0125
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0125
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0130
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0130
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0130
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0135
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0135
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0135
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0140
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0140
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0140
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0145
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0145
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0145
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0145
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0150
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0150
http://refhub.elsevier.com/S1359-6446(19)30042-X/sbref0150

	Impact of organ-on-a-chip technology on pharmaceutical R&D costs
	Introduction
	Estimating the costs of R&D
	Total impact on R&D costs
	Impact per cost driver and R&D phase
	Connecting impact estimates and areas of application
	Changes in the R&D environment
	Skepticism that technology can reduce R&D costs
	Concluding remarks
	Acknowledgments
	Appendix A Supplementary data
	References


