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R&D productivity continues to be the industry’s grand challenge. We analyzed the R&D input, output,
and outcome of 16 leading research-based pharmaceutical companies over 20 years (2001-2020). Our
analysis shows that pharma companies increased their R&D spending at a compound annual growth
rate of 6% (2001-2020) to an average R&D expenditure per company of $6.7 billion (2020). The
companies in our investigation launched 251 new drugs representing 46% of all CDER-related FDA
approvals in the past 20 years. The average R&D efficiency of big pharma was $6.16 billion total R&D
expenditures per new drug. Almost half of the leading companies needed to compensate for their
negative R&D productivity through mergers and acquisitions.
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Introduction

The business model of leading pharmaceu-
tical companies, the logic of value cre-
ation, is built on creating and delivering
a steady flow of novel, patented, and med-
ically attractive drugs and capturing com-
mercial value out of R&D.'™ Over the
past 20 years, it became obvious that the
industry’s R&D productivity, defined as
the ratio of commercial value of new drugs
to the related investments in drug discov-
ery and development, remains a key chal-
lenge.>”” As the return-on-investment rate
in R&D declined continuously, it led to

the conclusion that the industry’s business
model is under pressure.®°.

An estimated average pre-approval R&D
cost of $2.6 billion per new drug (in 2013 §)
or more ($2.9 billion if including Phase IV
trials), high attrition rates in R&D, long
cycle times, and failures in efficiently lever-
aging drug discovery technologies are fac-
tors indicating that R&D productivity is a
Sisyphean undertaking for the indus-
try.>'%'S In fact, the pharmaceutical
industry faced an exceptional slowdown
and productivity downturn between 2005
and 2011.'° From 2000 to 2010, the market

value of the top 20 pharmaceutical compa-
nies decreased by 30%.'” Indicated by the
expected average peak sales per new drug,
the R&D outcome (2000-2019) decreased
particularly for new oncology products
because of smaller market segments per
approval.'® It has been described that the
decrease in R&D productivity is driven pri-
marily by the increasing R&D spend of the
industry,'” with a bigger part of costs in
pharmaceutical R&D being caused by
failed R&D projects.” One aspect of the
reduced R&D productivity is R&D effi-
ciency, that is, the relationship of R&D
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costs (input) to the number of new drugs
created by R&D (output).®

Recent findings, however, indicate that
the industry’s R&D efficiency is recover-
ing.?>?! This trend may be caused by a
slight turnaround in R&D timing and attri-
tion.”! Advanced integration of human
genetics and multi-omics technologies, a
trend toward mechanistic studies in smal-
ler patient populations, and an increasing
‘truth-seeking’ (rather than ‘progression-s
eeking’) behavior might be factors in
breaking the ‘Eroom’s law’.>'"** A better
scientific understanding of disease biol-
ogy/disease mechanisms, improved target
selection, better target validation,
improved pharmacokinetic/pharmacody
namic modeling, biomarkers, and patient
stratification are parameters of an increas-
ing R&D efficiency.” The high number
of drug approvals by the Center of Drug
Evaluation and Research (CDER) of the
FDA in 2020 and 2021 provided further
evidence that R&D efficiency is not declin-
ing further.”*?” However, the industry wit-
nessed only 37 new drugs approved by the
FDA in 2022, the lowest number since
2016.7°

Inspired by these controversies, we
aimed to comprehensively assess the
R&D productivity of 16 leading pharma-
ceutical companies by sales (2020) and to
obtain systematic insights into the ability
of pharmaceutical companies to commer-
cially profit from R&D. By reviewing cor-
porate data as well as assessing and
dissecting the state-of-the-art, our study
illustrates that R&D productivity remains
a core challenge of big pharma companies
(for definitions, data source, and analyses,
see Supplementary information S1 online).

R&D input of big pharma

The 16 leading pharmaceutical companies
included in our study represent the largest
and globally active research-based pharma-
ceutical firms that cover the entire value
chain from drug discovery to development
and commercialization of new drugs and
are thus often termed ‘big pharma’.?**° In
2020, their cumulative sales of $510.6 bil-
lion represented 61.7 % of the 2020 total
prescription market of $827 billion
(Table 1).*' Big pharma witnessed a consid-
erable market growth in the past two dec-
ades. While the average annual total
revenue per company was $19.1 billion
(2001-2005), the leading companies grew

at a compound annual growth rate (CAGR)
of 6% to an average annual commercial
result of $29.7 billion (2016-2020) (Table 1).

In contrast to other industries, R&D is a
major competitive factor in the pharmaceu-
tical sector, and there is an association
between R&D growth and sales growth for
pharmaceutical companies.’> The 16 lead-
ing pharma companies in our investigation
invested a total of $1,539.9 billion in R&D
between 2001 and 2020 (Table 1), with a
significant increase in R&D spending over
time from $249.7 billion (2001-2005) to
$476.7 billion (2016-2020). Apart from
GlaxoSmithKline (GSK; CAGR — 1%), all
leading companies increased their R&D
spending over the past 20 years
(CAGR + 6%; Table 1), resulting in an aver-
age R&D expenditure per company of $6.7
billion (2020). This translates into a big
pharma R&D intensity (2020), that is, the
proportion of R&D spending to total sales
of a company, of an average of 20%. In this
context, it is worth mentioning that GSK'’s
recent R&D intensity (2016-2020) of 13%
is clearly below the typical range of other
leading companies with a comparable
R&D portfolio. Because there is economy
of scale in R&D,** an R&D intensity below
benchmark could negatively impact the
output of R&D in the long run.

R&D output and outcome of big pharma
The typical aim of a productive R&D orga-
nization is to translate its R&D input into
the highest possible R&D output. The
companies in our investigation launched
251 new molecular entities (NMEs) and
new therapeutic biologics (NTBs) between
2001 and 2020, representing 46% of all
CDER-related FDA approvals in that time
frame (Figure 1). The annual R&D output
for all 16 leading companies ranged from
a minimum of 7 (2010) to a maximum of
22 new FDA-approved drugs (2015), with
a 20-year annual average of 12.6 NMEs/
NTBs approved for the 16 companies in
our investigation. Although we saw a con-
siderable increase from an average annual
output of 9.1 new drugs (2001-2010) to
15.7 (2011-2020), there is a trend of a
declining relative proportion of FDA-
approved drugs by big pharma from 76%
(2001) to 25% (2020) (Figure 1).

On average, a big pharma company
received 0.78 FDA-approvals per year
(2001-2020), with Novartis having the
highest 20-year average output of 1.5 new

drugs per year (Supplementary information
S3 online). Specifically, Novartis launched
1.3 new drugs per year (2001-2015) and
increased its annual output to two NMEs/
NTBs in the last 5 years (2016-2020).

In our analyses, we differentiated
between ‘proprietary’ and ‘in-licensed’
new drugs, as well as new drugs that were
acquired by merger and acquisition
(M&A) pre- and post-approval. Proprietary
drug discovery contributed to nearly half
(138) of all NMEs/NTBs (2001-2020).
Licensing (56) and M&A (pre-approval,
57) complemented the R&D output of
the investigated companies (Supplemen-
tary information S3 online). Although pro-
prietary R&D outweighed licensing and
M&A between 2001 and 2007, a notable
increase in licensing deals and pre-
approval M&A activities was observed
between 2009 and 2015 (Figure 1).

Our analysis also included 57 new drugs
for which the companies in our investiga-
tion were not listed as the original appli-
cant at the FDA, but which resulted from
post-approval M&A activities. Merck &
Co., Pfizer, and Bristol-Myers Squibb
(BMS) acquired a significant number of
new drugs that did not originate from their
own R&D. Takeda was the only company
in our analysis that relied on post-
approval M&A as their main source for
new drugs (Supplementary information
S3 online).

Although new FDA approvals are a
direct measure of the output of R&D, sales
resulting from new drug launches are a
quote of the outcome of R&D and an
important corporate growth indicator.
The 251 new drug launches generated
$1,796.4 billion revenue (2001-2020), rep-
resenting 25% of total sales of the 16
investigated companies (Supplementary
information S3 online). Nominally,
Amgen, Novartis, and BMS benefited most
from new drug sales, whereas GSK, Takeda,
and Bayer profited least from new innova-
tion (Supplementary information S3
online). Relatively, Amgen (59%) and
Gilead (52%) exceeded other peers,
whereas new drug sales did not impact
total sales of Sanofi (8%) and GSK (6%)
much. The commercial success of new
drug launches of big pharma companies
was driven primarily by proprietary new
drugs and, to a smaller extent, by licensing
and M&A (Supplementary information S4
online).
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TABLE 1

Revenue and R&D figures of leading pharmaceutical companies (2001-2020).

Total revenue ($ billion)

R&D expenditure ($ billion)

R&D intensity (avg.)

Total Avg. 2001- 2006- 2011- 2016- CAGR Total Avg. 2001- 2006- 2011- 2016- CAGR Avg. 2001- 2006- 2011- 2016-
annual 2005 2010 2015 2020 annual 2005 2010 2015 2020 (%) annual 2005 2010 2015 2020

Pfizer 1075.2 53.8 249.1 288.0 286.0 252.2 1% 166.5 83 39.2 455 419 39.9 1% 16% 16% 16% 15% 16%
GSK 795.9 39.8 2135 237.6 185.0 159.8 —1% 118.2 59 33.1 389 25.1 21.2 —1% 15% 15% 16% 13% 13%
Merck & Co. 7209 36.0 149.7 159.0 213.0 199.2 2% 158.1 79 22.0 379 42.8 55.6 7% 22% 15% 23% 20% 28%
Sanofi 678.4 339 104.6 206.4 189.4 178.0 8% 111.7 5.6 14.0 349 33.0 29.8 8% 17% 15% 17% 17% 17%
Roche 649.8 325 79.5 159.7 188.4 222.2 8% 1463 7.3 15.3 338 432 54.0 10% 22% 19% 21% 23% 24%
J&J 635.9 31.8 130.7 142.8 158.0 204.4 4% 128.2 6.4 223 29.6 327 435 5% 20% 17% 21% 21% 21%
AstraZeneca 589.3 29.5 133.9 186.2 153.7 115.6 1% 1134 5.7 21.9 30.5 304 30.6 2% 20% 16% 17% 20% 27%
Novartis 549.4 27.5 84.5 130.3 158.5 176.0 6% 1129 5.6 15.5 26.6 34.2 36.6 6% 20% 18% 20% 22% 21%
BMS 4409 220 104.5 103.5 98.3 1347 3% 95.7 48 15.7 19.5 244 36.1 6% 22% 15% 19% 25% 27%
Eli Lilly 415.1 20.8 81.7 113.8 110.1 109.5 2% 89.8 4.5 16.0 225 254 26.2 4% 22% 20% 20% 23% 24%
Amgen 356.3 17.8 51.8 87.2 100.9 116.4 8% 69.9 3.5 10.8 17.8 21.2 20.1 6% 20% 22% 20% 21% 17%
Bayer 296.3 14.8 324 80.4 83.2 100.3 6% 48.2 24 6.4 12.5 129 16.6 4% 17% 20% 16% 15% 17%
Takeda 2936 147 36.6 62.5 826 111.9 9% 56.5 2.8 5.5 14.7 18.2 18.1 9% 19% 15% 23% 22% 17%
Boehringer 2724 136 41.8 75.5 78.0 771 5% 48.9 24 6.6 13.0 15.1 14.2 6% 18% 16% 17% 19% 18%
Gilead 258.7 129 6.0 304 93.9 1283 25% 406 2.0 14 45 12.2 226 16% 20% 37% 15% 15% 18%
NovoNordisk 247.0 123 26.8 50.6 77.9 91.6 8% 349 1.7 4.1 83 11.0 115 7% 15% 15% 16% 14% 13%
Total 8275.1 1527.1  2113.9 22569 2377.2 15399 249.7 390.5 423.7 476.6

Average 517.2 95.4 132.1 141.1 148.6 6% 96.2 15.6 244 26.5 29.8 6% 19% 18% 19% 19% 20%
Average 259 19.1 26.4 28.2 29.7 4.8 3.1 49 53 6.0

annual

To illustrate the revenue figures simply, we consolidated the data to the quinquennial periods of 2001-2005, 2006-2010, 2011-2015, and 2016-2020. For annual details, see Supplementary Information S2 online.
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FIGURE 1

R&D output (2001-2020) of leading pharmaceutical companies. (a) Cumulative FDA-approved NMEs/NTBs per year and origin (proprietary, licensed, or
acquired before approval). (b) Absolute and relative proportion of the sample of 16 leading pharmaceutical companies to the overall FDA new drug approvals
(2001-2020). Source of CDER-related FDA approvals: https://www.fda.gov/drugs/development-approval-process-drugs/new-drugs-fda-cders-new-molecular-
entities-and-new-therapeutic-biological-products. Abbreviations: CDER, Center of Drug Evaluation and Research; FDA, Food and Drug Administration; M&A,
merger and acquisition; NMEs, new molecular entities; NTBs, new therapeutic biologics.

R&D efficiency and R&D productivity of
big pharma

R&D efficiency is a key indicator of how
productively an R&D organization uses

its allocated resources and is an indicator
of how much money it takes to discover
and develop a new drug. Typically, for a
specific project, the drug cost estimates

result from the capitalization of direct
costs of a new drug over the long-lasting
period of drug discovery and development
of often more than ten years.>'? Because
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cost estimations for NMEs/NTBs are com-
plex and subject to debate, a simple
method to analyze the R&D efficiency of
a pharmaceutical company is to divide its
annual R&D spending by the number of
its new drug launches.*® Because there is
a time gap of R&D spending and R&D out-
put of a reported 5 years,'® we applied this
method in a 20-year time frame and could
show that the peer group’s R&D efficiency
(2001-2020) is $ 6.16 billion — more than
double the estimated pre-approval R&D
costs per NME."” Only Gilead ($3.13
billion) and Novartis ($3.76 billion) had
20-year R&D efficiencies comparable
with the commonly cited figure of $2.6 bil-
lion ($2.9 billion if including Phase IV tri-
als)  (Supplementary
online).

information S5

In line with a broader definition of
innovation,*> commercialization of a drug
is what leverages the invention and turns a
drug candidate into an innovation. We
therefore analyzed the R&D effectiveness,
namely the commercial outcome per new
drug. On average, the R&D effectiveness
of big pharma was $7.57 billion (average
commercialization time of 8 years) per
new drug, with Amgen ($14.96 bil-
lion/9.6 years), Novo Nordisk ($12.33 bil-
lion/7.5 years), and BMS ($11.78
billion/6.9 years) having generated signifi-
cantly higher outcome with their R&D
output than GSK ($2.76 billion/4.7 years),
Bayer ($2.77 billion/8.5 years), Sanofi
($3.37 billion/7.3 years), or Takeda ($3.91
billion/6.3 years) (Supplementary informa-
tion S5 online).

We further calculated the R&D produc-
tivity of big pharma by setting the average
revenue resulting from new drug launches
(2001-2020) in proportion to the overall
coprorate R&D costs per NME (2001-
2020) (Figure 2). Nine of the 16 leading
pharma companies, namely Amgen, Astra-
Zeneca, BMS, Boehringer Ingelheim, Eli
Lilly, Gilead, Johnson & Johnson, Novar-
tis, and Novo Nordisk had a positive R&D
productivity, indicating that the compa-
nies were successful not only in discover-
ing, developing, and launching new
drugs but also in commercializing them.
Bayer, GSK, Merck & Co., Pfizer, Roche,
Sanofi, and Takeda had a negative 20-
year R&D productivity (Figure 2), of which
six companies were able to compensate for
their negative input/outcome ratio
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FIGURE 2

R&D productivity of leading pharmaceutical companies (2001-2020). The R&D productivity of our sample group of leading pharmaceutical companies
classified by plotting the R&D efficiency (2001-2020) against the revenues by NMEs/NTBs launched 2001-2020. As a reference and orientation line, a straight
black line is drawn from zero (no input and no outcome) to the coordination point in the chart that represents the maximum R&D efficiency/maximum
revenue per NME in the given sample. The standard deviation of the companies' distance to the standard line determines the border (dashed black lines) of
three groups, which represents companies that have a lower R&D productivity (e.g. Sanofi), standard R&D productivity (e.g., Novartis), or higher R&D
productivity than the standard of the sample. The dotted pink line illustrates if a company was able to break even on their R&D spending. Abbreviations:
NMEs, new molecular entities; NTBs, new therapeutic biologics.
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through  acquisitions of previously
approved drugs (or full mergers with other
companies) (Supplementary information
S5 online). Takeda was the only leading
company in our investigation that failed
to manage a positive R&D productivity
(2001-2020).

Sample representativeness and
limitations

This study analyzed and described the
R&D input, output, and outcome (2001-
2020) of 16 of the leading pharmaceutical
companies representing almost two-thirds
of the 2020 total prescription market.
Our findings and conclusions may not be
valid for pharmaceutical companies of
other sizes and different business models.
Smaller research-driven companies operat-
ing in geographic or therapeutic niches
may have special levers and challenges
other than the ones discussed herein.

It is important to mentioned that there
are debates about the methods used to cal-
culate costs of drug discovery and develop-
ment and to measure R&D efficiency. For
example, because there is a time delay
between R&D spending (input) and
approval of a new drug (R&D output),
DiMasi et al. proposed a 5-year time lag
to be applied in cost estimations.'’ We
decided to use the methodology estab-
lished by Munos and to overcome the lim-
itation of time lag by analyzing R&D
productivity over a period of 20 years, thus
covering more than one R&D life cycle.**

Although there is inconsistency
between companies, R&D spending used
in our analysis may include costs for Phase
IV trials and thus, at least to some extent,
describe the difference of R&D efficiency
in our study from the estimated average
pre-approval costs per new drug. In addi-
tion, spending for biomedical and digital
technology development, expenses for
technology implementation, overhead
costs, costs for patent protection, or
expenditures for alliance management
may be further factors explaining the
variance.

Our analysis period (2001-2020)
encompassed parts of the COVID-19 pan-
demic (2019/2020), which had an overall
major impact on the pharmaceutical sec-
tor at different levels (shift of R&D activi-
ties toward COVID-19 antiviral and
vaccination approaches, disrupted clinical
trials, challenging supply chain manage-

ment, and others). Although our results
do not allow conclusions on specific
COVID-19-related R&D metrics, the con-
comitant temporal effects on the pharma-
ceutical ecosystem within that time frame
may limit the generalizability of some of
our broader R&D conclusions.

Concluding remarks and outlook

On the basis of our numerical analyses, we
conclude the following key finding: R&D
productivity remains a grand challenge
for big pharma. The 16 leading companies
in our investigation invested more than
$1.5 trillion in drug discovery and devel-
opment and launched 251 new drugs
between 2001 and 2020. On average, a
big pharma company spent $4.4 billion
annually in R&D and launched 0.78 new
drugs (2001-2020). The peer group’s R&D
efficiency (2001-2020) is $6.16 billion (to-
tal R&D spending per new drug launch).
Almost half of the leading companies
failed to have an R&D outcome (2001-
2020) (i.e., commercial value of new drug
launches) that compensated for the enor-
mous R&D costs. Seven of 16 companies
in our investigation needed to compensate
for their negative R&D input/outcome
ratio through M&As. In this context, we
recently demonstrated that 57% of all
new drug launches (2011-2020) by big
pharma were R&D unprofitable.” At first
glance, these figures pose the question
whether big pharma’s R&D results ade-
quately represent its aspirations to sustain
corporate growth by R&D.

Thus, in view of the challenging R&D
productivity, big pharma companies need
to meet the challenge of building a sus-
tainable business model in R&D that can
cope with its growth aspiration, the strate-
gic risks of R&D, and the technical uncer-
tainties of drug discovery and
development in the long term.

Big pharma’s business model is pro-
grammed on launching blockbuster
drugs.* An aspect worth acknowledging is
that once a blockbuster model is estab-
lished in R&D, it sets the strategic and
commercial benchmarks that are hard to
ignore or to bypass. As the path depen-
dence theory highlights,*® the historical
track of a company has preprogrammed
consequences for future corporate deci-
sions. A fundamental change in a com-
pany’s blockbuster model is hard to
manage®’ and inordinately more difficult

to achieve in an industry that is domi-
nated by very stringent pharmaceutical
regulations that set standards for high
quality, safe, and effective new drugs.

Following the idea of the innovative
capability — innovation - firm performance
path,’®**? a new perspective and more
fundamental considerations are needed
when it comes to the question of how to
improve R&D productivity and build a sus-
tainable business model in R&D. Albeit we
understand that some of the proposed
changes may already be happening in
some firms, we suggest that open innova-
tion, digital technologies, dynamic capa-
bilities, absorptive capacities, and value-
based project portfolio management are
key enablers of a sustainable business
model in R&D.

In one of our previous publications, we
illustrated that pharmaceutical companies
profit from running large and diversified
R&D organizations.®® Greater R&D effi-
ciency can result from economies of scale
(R&D size), because companies can take
advantage of a lower cost of capital, higher
portfolio diversity, or tacit aggregate
knowledge. Because only the biggest
pharma companies have the funds to run
large and complex R&D organizations in
the long term or to invest money in
high-volume M&A transactions, second-
and third-tier companies need to build
external R&D ecosystems (i.e., R&D mod-
els that integrate large numbers of external
contributors) to gain a competitive edge
from R&D efficiency.?**° Thus, an aspect
worth considering in the context of a sus-
tainable business model (at least for some
of the leading companies) is open innova-
tion.*" In this context, pharmaceutical
companies have been predicted to pivot
strategically from being internal R&D
engines toward knowledge integrators.*?
That concept is being advanced by adopt-
ing the role of an R&D financier, regula-
tory liaison, and commercial expert for
publicly funded medical research and by
building networks with specific collabora-
tion partners.*”** However, the industry
still has unused potential as only some
players started to build R&D ecosystems
to fully benefit from external knowledge
and propensity of innovation.*’

Another key feature to consider when
improving R&D productivity is digital
technology. Real-world data, predictive
methods, and artificial intelligence (AI)-
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Drug Discovery Today ® Volume 28, Number 10 ® October 2023

FEATURE

enabled clinical trial designs are described
as key enablers of a better R&D.**™*° Dur-
ing the last few years, generative Al has
proved to be a promising technology in
lead discovery,”’™* and recent progress
with OpenAl indicates additional potential
that has not been tapped yet.”” As high-
lighted by Insilico Medicine, there are use
cases of Al-designed drug candidates that
were discovered from the start of drug dis-
covery to Phase I in 30 months.*!

Next, as pharmaceutical companies
need to dynamically respond to their
changing technological environment
through their internal capabilities, we con-
sider dynamic capability as a mission-
critical element to build a sustainable busi-
ness model in R&D.>? It is defined as ‘the
ability to integrate, build, and reconfigure
internal and external competences to
address rapidly changing environments’.>?
While leading companies manage their
complexities along the entire R&D value
chain differently to be competitive, it
becomes more important for them to
invest in their dynamic capabilities.**
Dynamic capabilities even might become
more important when it comes to more
Al partnerships or digital health alliances
— Al and tech are expected to strongly
influence pharma and healthcare innova-
tion in the next two decades.>*>°

Closely related to the theory of
dynamic capabilities, pharmaceutical com-
panies also need to improve their absorp-
tive capacities; that is, ‘the ability of a
firm to recognize the value of new, exter-
nal information, assimilate it, and apply
it to commercial ends’.’’ Such an
increased learning from outside of the
company is exemplified by the collabora-
tion of Pfizer and BioNTech,>® where both
companies expanded their limits of
absorption of technological and scientific
information. Only companies that recog-
nize the value of new external informa-
tion, assimilate it, and apply it
commercially and that integrate, build,
and reconfigure internal and external com-
petencies to address rapidly changing
environments will succeed in the long
term and master the challenge of R&D
productivity.

Finally, managing R&D project portfo-
lios actively and investing in the right sci-
entific opportunities from both internal
and external sources is described to posi-
tively impact R&D.”*? In our view, matter

is not only created by the number of new
drugs, but by the commercial value of
new drug launches. Although there is cer-
tainly inaccuracy in forecasting block-
buster launches,’® we suggest that
pharma companies should adjust their
R&D portfolios, deprioritize ‘me-too’ drug
candidates, and focus more on those drugs
that are innovative in a broader line of def-
inition.>® All things considered, it is the
medical and commercial outcomes of
new drug launches that determine the
effectiveness of an R&D organization. As
exemplified by AbbVie and its blockbuster
Humira, the therapeutic advantage and
breadth of indications can result in a com-
mercially successful best-in-class scenario
that overcompensates for less effective
R&D results. !
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