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INTRODUCTION

A foundational premise of modern biomedical research is 
that fundamental discovery provides the basis for the devel-
opment of interventions to ameliorate and cure disease.1 It is 
largely this premise that has led to the growth of the biomedi-
cal scientific enterprise over the last 60 years, and its abiding 
support from the public. Although undoubtedly true, this con-
struct is also manifestly incomplete. Some of the most com-
monly used and still most effective medications— morphine 
for pain, aspirin for inflammation, and lithium for bipolar 
disorder among them— were developed without knowledge 
of these diseases’ underlying biology. In addition, more re-
cently, the spectacular achievements of fundamental science 
have not been accompanied by commensurate improvements 
in our ability to diagnose and treat most diseases. These ob-
servations do not serve to undermine the value of fundamen-
tal biomedical science or the importance of maintaining it as 
a robust and growing enterprise. Rather, it suggests that our 
common conception of how treatments and cures are devel-
oped and deployed is incomplete; in other words, as happens 
so often in science, the prevailing model has turned out to be 
overly simplistic.

“Translation” is the term commonly used to describe the 
process by which a biomedical observation is turned into an 

intervention that improves health. “Translational science” is 
the field which studies the translational process in order to 
establish its governing scientific principles, thereby trans-
forming translation, as has occurred in other sciences before 
it, from empiricism to predictivity.2 Translational science 
begins, therefore, as all sciences do, with observations that 
cannot be explained by current theory— in this case, the 
observation that the avalanche of successful fundamental 
discovery has not led to the expected therapeutic windfall. 
Understanding and ameliorating the causes of this observed 
divergence is essential to the promise of science reaching all 
patients in need, and in no small measure will determine how 
the public views the success of the medical science enterprise 
and their investment in it.

The origins of translation

Although the term translation is relatively new in the bio-
medical lexicon, becoming widely used only in the 1970s, 
the activity is ancient, tracing its lineage to efforts by phy-
sicians and traditional healers in antiquity to identify and 
codify substances and procedures that could heal the sick. 
Importantly, therefore, translation is rooted in the immedi-
ate medical needs of patients, not in science. It has always 

Received: 8 March 2021 | Revised: 11 April 2021 | Accepted: 12 April 2021

DOI: 10.1111/cts.13055  

R E V I E W

Opportunities and challenges in translational science

Christopher P. Austin

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited and is not used for commercial purposes.
Published 2021. This article is a U.S. Government work and is in the public domain in the USA. Clinical and Translational Science published by Wiley Periodicals LLC on behalf 
of the American Society for Clinical Pharmacology and Therapeutics

National Center for Advancing 
Translational Sciences, National Institutes 
of Health, Bethesda, Maryland, USA

Correspondence
Christopher P. Austin, National Center 
for Advancing Translational Sciences, 
National Institutes of Health, 31 Center 
Drive, 3B11, Bethesda, MD 20892, USA.
Email: austinc@mail.nih.gov

Funding information
No funding was received for this work.

Abstract
The mission of translational science is to bring predictivity and efficiency to the de-
velopment and dissemination of interventions that improve human health. Ten years 
ago this year, the National Center for Advancing Translational Sciences was founded 
to embody, conduct, and support this new discipline. The Center’s first decade has 
brought substantial progress across a broad range of translational areas, from diag-
nostic and drug development to clinical trials to implementation science to education. 
The origins of the translational science and advances to this point are reviewed here 
and allow the establishment of an ambitious future research agenda for the field.

http://www.cts-journal.com
https://doi.org/10.1111/cts.13055
http://creativecommons.org/licenses/by-nc/4.0/
mailto:austinc@mail.nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcts.13055&domain=pdf&date_stamp=2021-07-08


1630 |   Austin

esteemed practical if anecdotal successes over theory- driven 
systematic learning. The practical focus of translation was 
reinforced in the pharmaceutical industry, which grew out of 
apothecaries and dye and chemical companies where com-
mercial demands required prioritization of saleable suc-
cesses; understanding of molecular mechanisms and success/
failure factors were considered secondarily or not at all. Until 
just the last century, translational efforts began with public 
health or clinical observations, which led to identification 
of behavioral interventions or isolation of active biological 
substances of varying purity; the oft- cited examples of John 
Snow’s water pump handle intervention in the 1854 London 
cholera epidemic, and liver extract to treat pernicious anemia 
in the 1920s, are archetypes of the clinicoempirical nature of 
most translational history. Only with the development of in-
creasingly reductionistic scientific techniques during the 20th 
century— from physiology to pharmacology to microbiology 
to protein chemistry to molecular cloning— did it become 
possible to begin a translational effort from a nonclinical 
starting point. In addition, only in the last several decades has 
it become routine to start translational efforts with molecular 
targets having only circumstantial connection to a disease.

Thus, whereas progress in both fundamental discovery 
and translation remained tightly coupled to clinical obser-
vations for most of their histories, breathtaking progress in 
basic biomedical science has far outpaced translational or 
clinical science in the last 40 years. The striking divergence 
in the pace of progress in these previously coupled fields is 
evident in everyday experience: whereas the capacities and 
activities of the basic research laboratory are virtually un-
recognizable compared to 40  years ago, the capacities and 
activities of most medical practice remain largely unchanged, 
and translation has become progressively less productive 
over that time.3

THE BEST AND WORST OF TIMES

Biomedical research in the third decade of the 21st century 
is thus beset by paradoxes. On the one hand, we are fantas-
tically knowledgeable about genetic, cellular, and organis-
mal physiology in health and disease, thanks to the epochal 
achievements of fundamental science because the current 
model for support of research was established at the end of 
World War II. Forty years ago, the number of human dis-
eases the molecular basis of which was understood was less 
than 20; today it is almost 7000. This avalanche of discov-
ery has fundamentally transformed our knowledge of our-
selves in health and disease. However, with a few notable 
exceptions— mainly in cancer and infectious disease— our 
ability to effectively treat the diseases we now understand re-
mains limited: of the ~ 8000 diseases that affect humans, less 
than 600 have any regulatorily approved treatment, and most 

of these are symptomatic (i.e., not disease- modifying). The 
health of the American population remains frustratingly poor 
overall.4 This failure of translation is not for lack of effort; 
over $50 billion are spent on translational efforts in the public 
and private sectors every year. Opportunities for improve-
ment abound: the cost of developing a new drug is now over 
$2 billion, continues to increase faster than inflation, and has 
increased relentlessly since 1950 despite enormous advances 
in science5; the clinical trials process is widely acknowledged 
to be inefficient6,7; after a drug or intervention is shown to be 
useful, its dissemination to all patients who could benefit is 
slow and variable,8,9 and patient adherence to those interven-
tions remains suboptimal and limits the health benefits of the 
interventions developed.10 In all, the time required for the 
end- to- end translational process, from an idea in the labora-
tory to a drug or other intervention based on that idea reach-
ing all patients who could benefit, is currently over 20 years, 
and its success rate is below 1%. Inspiring individual exam-
ples of remarkably effective therapies— including enzyme 
replacement therapies for particularly rare diseases, small 
molecule correctors for cystic fibrosis, PCSK9 inhibitors for 
elevated cholesterol, and gene therapies for forms of inher-
ited blindness and spinal muscular atrophy— demonstrate 
what a future therapeutic world might hold. But those suc-
cesses remain the exceptions, with development times still 
measured in decades and resulting products having extremely 
high costs that are arguably unsustainable, and certainly un-
desirable. In addition, while there have recently been some 
encouraging signs of improved overall timelines and success 
rates, productivity (success per unit of effort) and timelines 
have worsened over the last 40 years, in stark contrast to the 
remarkable increase in productivity in fundamental research 
during this time.

These divergences have been recognized for some 
time,11,12 and a variety of efforts have been undertaken to 
address it. In the private sector, multiple mergers and acqui-
sitions were undertaken in an attempt to achieve economies 
of scale, and the multicompany collaborative TransCelerate 
Biopharma was formed in 2012 to create platforms for shar-
ing among companies. Public- private partnerships, including 
the Innovative Medicines Initiative (IMI) in Europe, and the 
Accelerating Medicines Partnerships (AMP) in the United 
States, have produced substantial datasets that are benefit-
ting the entire research ecosystem. In the academic sector, 
the National Institutes of Health (NIH) Roadmap aimed to 
“redefine the ways that medical research is conducted and, 
ultimately, how research leads to improvements in health.”13 
Among the Roadmap programs, were several aimed at the 
translational divide. The Molecular Libraries Initiative14 cre-
ated a robust small molecule assay development, screening, 
and chemistry probe development capacity in the public sec-
tor for the first time, and was remarkably productive during 
its 10- year lifetime.15 The Clinical and Translational Science 
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Awards (CTSA) program16 has been similarly transforma-
tive, increasing the academic standing of the clinical and 
translational sciences by creating intellectual “homes” for 
these disciplines in academia, and providing critical clinical 
trial, biostatistics, informatics, and regulatory support, and 
innovative education programs.

For the most part, these efforts were focused on structural 
issues that had prevented efficient translational and clinical 
research, and collaborative sharing of capacities and insights. 
They changed how translational and clinical research is done 
for the better, allowing more projects to be carried out. But 
with rare exceptions they did not change what was done in 
the translational process; and so, despite notable individual 
successes from these and other efforts, overall success rates 
in translation did not improve. A new approach was needed,17 
and this led to the formation of a new NIH center, the National 
Center for Advancing Translational Sciences (Box 1).

THE NEED FOR A SCIENCE OF 
TRANSLATION

The contrasting productivity of basic and translational 
research have been mirrored by opposing conceptual ap-
proaches in the 2 fields over the last 75 years. Since the 
publication of Science: The Endless Frontier1 in 1945, the 
dominant— and successful— ethos of basic biomedical sci-
ence has been the need to systematically understand the 
processes which underlie physiological function and dys-
function. In contrast, translation has its historical roots in 
medical practice, so has traditionally been empirical and 
practical. Identification of new pharmaceutical, behav-
ioral, or surgical interventions was driven by individual, 
often initially serendipitous, observations that became ac-
cepted often more because of common use than solid data 
or science- driven understanding. The legacy of this history 
is that translation is, even today, an almost relentlessly 
empirical process. Efforts to increase productivity over 
the last 3 decades have repeatedly been to front- load the 
translational system, with more genes/targets (the Human 
Genome Project), more chemical starting points (combi-
natorial chemistry), more biologically active compounds 
(high throughput screening), more “technology transfer” of 
basic discoveries to companies, or more projects (“shots on 
goal”). Given the enormous complexity of living systems, 
the multistep nature of translation, and the increase in de-
grees of freedom from protein to cell to organ to animal to 
human to community, a trial- and- error approach was al-
ways unlikely to succeed, and indeed failure is the most 
common outcome, leading to the “valley of death” char-
acterization of translation. But when faced with this real-
ity, the translational community has tended to double down 
on empiricism, with increased the numbers of projects, or 

BOX 1 Creation of the National Center for 
Advancing Translational Sciences
In 2010, an advisory group of the National Institutes of 
Health proposed a new component of NIH be created, 
focused on the science of translation (https://smrb.od.nih.
gov//docum ents/repor ts/TMAT_122010.pdf). That 
proposal led to the formation of the National Center for 
Advancing Translational Sciences (NCATS) in 2011. 
Created in a time of fiscal restraint, NCATS was not appro-
priated new funding when it was authorized by Congress; 
rather, it was formed via an NIH internal reorganization, 
bringing together four programs that previously were 
resident in other parts of NIH. These included the CTSA 
program from the former National Center for Research 
Resources, the NIH Center for Translational Therapeutics 
from the National Human Genome Research Institute, the 
Office of Rare Diseases Research from the NIH Office 
of the Director, and the Cures Acceleration Network, also 
from the NIH Office of the Director.
The mission stated for the new NCATS was to 
“catalyze the generation of innovative methods and 
technologies” to enhance the development, testing, 
and implementation of diagnostics and therapeutics 
across human diseases and conditions. It was to trans-
form the translational process and eliminate the basic- 
health divide, delivering on the promise of science for 
medicine. It was to focus not on incremental science, 
but rather on “disruptive translational innovation.”17

The first priority of the new Center was to define and 
promulgate its mission, which was initially poorly un-
derstood.18 The term that defined NCATS’ mission— 
“translation”— had other common scientific and lay 
meanings, leading to misunderstandings that the 
NCATS’ mission was linguistics, or how proteins are 
produced from mRNA. Therefore, the Center under-
took a deliberate process to define “translation” and 
its congeners “translational research” and “transla-
tional science,”2 and emphasized that while it studies 
the first (translation) as a process, and performs the 
second (translational research), what distinguishes 
the Center from any other organization in the United 
States or internationally is its focus on the third— 
translational science— as a discipline.
The initial focus areas for the new center were for-
mulated via a series of meetings and consultations 
with experts on particular topics (https://ncats.nih.
gov/about/ center). These led to the creation of the 
first NCATS Strategic Plan (https://ncats.nih.gov/
strat egicplan), and as well as a series of long- term 
goals to guide its activities.
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a new structure of the people doing them, remaining the 
dominant solutions. As a result, understanding of underly-
ing phenomena sufficient to enable increasing predictabil-
ity has largely not occurred in translation.

Inherent in the empirical approach is a tacit acceptance 
of the historical reality that translational process has been 
immutably unpredictable, a “zone of chaos” or irreducible 
complexity in the words of one experienced and chastened 
pharmaceutical scientist.19 In contrast, translational science 
posits that although highly complex, the translational process 
is governed by general laws that have to date resisted charac-
terization, and that translational efficiency will increase only 
when those laws are defined. Many fields of research, from 
physics to engineering to genetics, have transitioned from ob-
servation to understanding to prediction by elucidating the 
fundamental scientific and operational principles that govern 
behavior of systems in their fields. This is the transition that 
is required for translation, and is the goal of the discipline of 
translational science.

This concept of “translational science” is distinct from 
how the term has been used previously (e.g., Zerhouni, 
200520). Whereas previous writers have used the term to 
describe the practice of a variety of scientific disciplines 
(chemistry, biostatistics, regulatory, clinical trials, etc.) to do 
translation for a particular target or disease, NCATS uses the 
term to describe the study of translation itself, as a means to 
accelerate the progress in the performance of translation. In 
this way, NCATS uses the term “science” in its usual conno-
tation as an “intellectual and practical activity encompassing 
the systematic study of the structure and behaviour of the 
physical and natural world through observation and experi-
ment” (Oxford).

Although widespread translational research exists in 
the public and private sectors, translational science cur-
rently does not. Virtually every component of the NIH, and 
every biopharmaceutical company, performs translational 
research in order to meet their missions to diagnose and 
treat the diseases under their purview. NCATS’ “disease” 
is the translational process itself, which has a high project 
“mortality rate” and is exorbitantly costly. NCATS aims 
to identify, understand, and treat these causes of “trans-
lational disease,” just as other organizations do particular 
disorders. Although this approach is new to translation, it 
is the repeated history of science that elucidation of gen-
eral principles has led to dramatic increases in predictivity, 
efficiency, and capability. The transformation of genetics 
from an observational endeavor to powerful and efficient 
driver of science and medicine provides an instructive ex-
ample driven by discovery of the rules of DNA base pair-
ing, replication, and the genetic code, which provided the 
basis for the field of genome science. More recently, the 
field of data science has begun to revolutionize the use of 
data. In just such a way, understanding of general scientific 

principles will transform translation from an empirical, 
failure- prone, costly process to a predictive and productive 
science. The potential of such a translational science ap-
proach has been well- demonstrated in the success of the 
Lipinski “Rule of 5,”21 the AstraZeneca “5Rs,”22 and the 
recent description of Biological Activity- Based Modeling 
(BABM) from NCATS.23 In each case, these general prin-
ciples were deduced from the results of many individual 
translational research projects across targets and diseases, 
by researchers whose main goals were to produce individ-
ual drugs or probes, not general principles. In order for 
these kinds of principles to be defined more commonly 
and broadly, and ongoingly tested and refined as all mod-
els must be, prospectively designed projects to elucidate 
general predictive principles, performed by translational 
scientists whose primary goal is such principles, will be 
essential. Additionally, because the data that would allow 
such deduction exists across organizations, more wide-
spread data sharing of both successful and unsuccessful 
translational research experiments, and the development of 
a robust field of translational data science, will be required.

CREATION OF A TRANSLATIONAL 
MAP

Bringing science to translation is needed not only within 
individual steps of the process, but across this currently 
highly complex endeavor. This aspect of translational sci-
ence is a systems’ engineering problem. Translation is 
frequently diagrammed as a linear progression of a small 
number of steps, and referred to as a “pipeline,” connot-
ing a vessel through which starting material progresses at 
a rate proportional to the diameter of the conduit, and exits 
unchanged with 100% fidelity. In fact, translation is a mul-
tistep, multidomain, multidiscipline recursive web that has 
more in common with a metabolic pathway map, but in 
which the product bears no resemblance to the starting ma-
terial, and is rarely successfully produced. Realizing that 
the traditional oversimplified ways of representing and 
referring to the translational process had become limiting 
to understanding and re- engineering, a group of academic, 
industry, government, and patient advocate investiga-
tors under the auspices of the Institute of Medicine (now 
National Academy of Medicine) created comprehensive 
translational maps (Figure  1)24 for both small molecule 
and biologics development, that have now been greatly ex-
panded and converted from static paper to dynamic elec-
tronic form, complete with major problem areas identified 
and resources available to investigators to collaboratively 
overcome them (https://ncats.nih.gov/trans latio n/maps). 
Illustrating the enormous complexity of the translational 
process, the current “4D” (Dynamic Drug Discovery and 
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F I G U R E  1  “The Drug Discovery, Development and Deployment Map (small molecule version)” by Wagner et al.24 The map is licensed to 
the public under the Creative Commons Attribution- Share Alike 4.0. cGMP, current good manufacturing practice; EMR, electronic medical record; 
FDA, US Food and Drug Administration; GLP, good laboratory practice; GMP, good manufacturing practice; HTS, high- throughput screening; 
IND, investigational new drug; IRB, institutional review board; NCE/NME, new chemical entity/new molecular entity; PK/PD, pharmacokinetic/
pharmacodynamic; POC, point of care
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Development) map has over 10,000 nodes in over a dozen 
domains of activity. This map has provided individual 
translational researchers a guide to planning, provided 
translational science educators an important educational 
tool, and provided the field of translational science a re-
search agenda that focuses on developing solutions to the 
most difficult problematic steps to translational progress.

The map illustrates the complexity that has to date frus-
trated efforts to increase overall yield. The translational pro-
cess is seen to be a greater than 20- step process, with much 
work having documented yields of 0.1 to 0.7 at each step 
(e.g., Paul et al.12), the overall success rate observed of less 
than 1% is exactly what would be expected. However, the 
solution to any low- yield systems engineering problem is not 
to add more starting material (“shots on goal”) to an ineffi-
cient process, but rather to identify the rate- limiting steps of 
the process and develop catalysts or new methods that in-
crease the yield of those steps by a log or more, which when 
combined increase overall yield substantially. The latter is the 
translational science strategy: identifying and developing un-
derstanding, technologies, and paradigms that aim to increase 
by 10- fold or more the efficiency of the rate- limiting steps in 
the translational map.

A TRANSLATIONAL SCIENCE 
RESEARCH AGENDA

The 4D Map process and input from the translational com-
munity allowed creation of an initial translational “problem 
list” of prevalent causes of translational research failure, the 
rate- limiting steps to translational efficiency (Figure  2). It 
was evident that translational projects fail for both “hard” 
science (e.g., biology, chemistry, pharmacology, and toxi-
cology) and social science (e.g., incentive structures, credit 
allocation, economics, and intellectual property) reasons, 
so translational science needed to innovate in both areas. 
Additionally, it was noted that these issues all fell into the 
“tragedy of the commons”25— problems common to all dis-
ease areas and sectors, so not perceived by any organization, 
public or private, as their responsibility to solve. This latter 
insight helped to explain why these fundamental problems 
had not been tackled before— and reinforced the importance 
and potential of this new field of translational science.

This process also made it clear that not only did the func-
tion of translational science need to be different from other 
fields of science, but that its operational characteristics and 
structure were necessarily different as well. NCATS created 
Strategic Principles (Figure  3; https://ncats.nih.gov/strat 
egicp lan/princ iples) to articulate these distinctions and estab-
lish core characteristics of exemplary translational science. 
In structure, translation absolutely requires a team as its unit 
of operation, because over 20 distinct scientific disciplines 

are needed to traverse the translational journey from target to 
intervention to patient to practice. This creates challenges for 
the current individual- focused incentive structure of most ac-
ademic organizations and many nonprofits. It necessitates the 
incorporation of scientifically expert and skilled project man-
agers to act as “coaches” for the translational team. Because 
the team has as its deliverable an intervention that improves 
the health of patients, inclusion of patients and communities 
intended to benefit on the research team is a fundamental fea-
ture of translation. Because neither optimal scientific team 
operation or best practices for inclusion of patients and com-
munity members on it are so far defined, they are key compo-
nents of the translational science agenda.

Operationally, translational science must advance by the 
definition of principles and technologies that allow translation 
to be driven by prediction rather than empiricism. Such para-
digms and technologies must be generally useful (i.e., target/
disease agnostic), but improved effectiveness must not simply 
be prophetic, but demonstrated in use cases chosen for their 
generalizability. In addition, if improvement is shown, they 
must be broadly and intentionally disseminated to enable the 
entire research community to apply them in their own trans-
lational research. This operating schema NCATS has formal-
ized as the “3Ds”: Develop, Demonstrate, and Disseminate. 
All translational science projects must develop a technology 
or insight or paradigm to improve the efficiency or effective-
ness of a rate- limiting translational roadblock, demonstrate 
its utility in achieving that improvement in one or more use 
cases, and then actively disseminate these improvements. 
Given the nature of translation, which focuses on tangibly 
useful products— drugs, devices, behavioral interventions, 
and medical procedures— that directly improve human health, 
this dissemination includes not only the publications in the 
scientific literature and patents, but also widespread data 
sharing, education and training, and implementation of health 
improvements at the individual and community levels.

An additional rationale for the 3Ds paradigm is a practical 
one, bearing on how translational scientists choose disease 
applications with which to demonstrate the utility of their 
technologies. Translational science is often referred to as 
“disease agnostic,”, which is true but limited. It is more prop-
erly described as “disease universal” because it addresses 
the scientific and operational bottlenecks that are common 
to translational research for most or all diseases. Because 
the majority of human diseases currently have limited or 
no specific treatment, translational science encompasses all 
human diseases. This points up key features of ideal trans-
lational science demonstration projects: they are chosen not 
only because there is an unmet medical need— this will apply 
to many potential projects— but also because they are well- 
suited to test the utility of the new technology or paradigm, 
and because that utility would be applicable to many other if 
not all human diseases. This is what is meant by translational 
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science projects needing to be “catalytic” and demonstrating 
“generalizable principles.”

All of these features have been codified in the NCATS 
Translational Spectrum (Figure 4), which illustrates that (a) 
translation is a circular, rather than linear, process, which can 
start at any stage of the translational process and proceed 
clockwise or counterclockwise; (b) each of the five stages 
must typically be traversed in order but in particular situations 
stages may be skipped, accelerating progress; (c) patients are 
at the center of every activity in translation, both as members 
of the research team and as necessary beneficiaries; and (d) 
the “3Ds” govern translational science efforts to decrease the 
time and effort required to circumnavigate the spectrum.

A RESEARCH AGENDA FOR 
THE NEXT DECADE OF 
TRANSLATIONAL SCIENCE

Translational science has made remarkable progress in the 
last 10 years, making possible the enumeration of a much 
more ambitious agenda for the next decade. The accom-
plishment of this agenda will advance the transformation of 
translation into a predictive science, thereby increasing its 
efficiency and effectiveness and getting more treatments to 
more people more quickly, efficiently, and effectively.

Scientific priorities for translational science

Predictive efficacy

Up to 90% of investigational drugs that enter human test-
ing are never approved for any indication26; the most com-
mon reason for this failure is lack of efficacy in humans 
despite promising efficacy in animal or cellular models 
of the indication. Although animal models continue to 
be invaluable for understanding fundamental biology, 
their ability to accurately predict responses to therapeu-
tic interventions— whether those be pharmacological 
or behavioral— is quite limited. Because this preclinical 
(nonhuman) to clinical (human) transition is where much 
translational failure occurs, it must be a major focus of 
translational science. But the need for preclinical models 
that are more predictive of human responses is not the 
only predictive efficacy research priority. Rates of at-
trition are high at each step of the ladder of increasing 
complexity in the preclinical stage (e.g., biochemical to 
cell- based activity of a compound; high- throughput cell 
line testing to primary or induced pluripotent stem cell 
(iPSC)- derived cell activity; single cell to multicellular in 
vitro system; and in vitro system of any complexity to in 
vivo animal model). At each stage, empirical testing of 
dozens to millions of molecules is required because our 

F I G U R E  2  Major rate- limiting translational problems that are the focus of Translational Science. *Identified in the Drug Development 
Map (18, Supplemental Figure SB) as being particularly prone to failure, delay in progression, and/or high cost and therefore high priority for 
innovation. IP, intellectual property; IRB, institutional review board
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understanding of how to predict efficacy at the next more 
complex stage is rudimentary and unreliable. Human cell- 
based models based on iPSCs, 3D multicellular aggregate 
or printed models, and microphysiological systems have 
all shown promise but our understanding of their predic-
tivity of human responses remains limited.27 Challenges 
in cell production and differentiation are considerable,28 
and capacity to model complex in vivo interactions, or 
long- term disease states or pharmacological responses, re-
main areas of needed development.

Predictive toxicology

Toxicity of drugs is a frequent cause of failure in drug devel-
opment and withdrawal after market approval. Many com-
pounds fail for toxicity in preclinical development, and of 
the 90% of investigational drugs that fail in human testing,26 
about 30% of that failure is due to unanticipated toxicity. 
Although much progress has been made in identifying the 
structural features of various interventional molecule types 
(small molecules, peptides/proteins, oligonucleotides, and 
gene therapy vectors) that predispose to in vitro or in vivo 
toxicity, our ability to predict adverse events, particularly 
less common idiosyncratic events, remains limited. Much 
research in fundamental in vivo and in vitro mechanistic 
toxicology is needed to develop a systematic understand-
ing of the relationships between molecular structure and 
adverse events in living systems. Such a systematic under-
standing would allow candidate interventional molecules of 
all types to be made with low adverse event liability from 
the beginning, the current practice of making many mol-
ecules with unpredictable liabilities, most of which fail in 
later stages of testing. Several industry- based and public- 
private partnerships have made early progress in predictive 
toxicology via massive data generation and sharing efforts, 

including the International Consortium for Innovation and 
Quality in Pharmaceutical Development (IQ) biopharma-
ceutical collaborative drug safety program (e.g., Treem 
et al.29); the BioCelerate subsidiary of the pharmaceu-
tical company collaborative TransCelerate BioPharma 
Inc.; the Critical Path Institute's Predictive Safety Testing 
Consortium (e.g., Schomaker et al.30), and the Innovative 
Medicines Initiative eTox31 and TransQST programs. The 
Toxicology in the 21st Century program, a collaborative ef-
fort among NCATS, the National Toxicology Program, the 
Environmental Protection Agency, and the US Food and 
Drug Administration (FDA) has also made promising ad-
vances in this area,32 but much more needs to be achieved 
before accurate and reliable prediction of common and idi-
osyncratic toxicities is possible.

A complementary approach to the predictive toxicology 
problem is the development of new assay types based on 
human cells that can identify potential toxicities more accu-
rately and efficiently than current animal testing methods. 
These include human primary cells and those differentiated 
from iPSCs; 3D models including spheroids, organoids, and 
printed tissues; and microphysiological systems (MPS; or 
“tissue chips”). Multiple components of the NIH as well as 
dozens of provider companies and a newly organized IQ MPS 
Affiliate are conducting and supporting research in all these 
areas, and early results are promising (e.g.., Wei al.33).

De- risking undrugged targets/currently 
untreatable diseases

The third major reason for discontinuation of intervention 
development projects is “business reasons,”26 which refers 
to the judgment that the risk of failure is too high or the an-
ticipated return is insufficient, so resources would be better 
applied to other projects. These reasons apply to both private 

F I G U R E  3  NCATS Strategic Principles. NCATS, National Center for Advancing Translational Sciences
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and public sector organizations, because in both cases reason-
ably anticipated financial return must be sufficient, whether 
via revenue in the private sector, or via grant funding in the 
public sector. For this reason, risk aversion is widespread 
in both settings, and investigators, funding agencies, and 
companies prefer to work on a small subset of diseases and 
targets rather than assume the risk involved with addressing 
new target or therapeutic areas.

This cause of translational failure requires the devel-
opment of technologies, knowledge, and paradigms that 
reduce the risk of new targets and diseases, so that fund-
ing agencies and companies will fund them. Examples 
of such efforts are the NIH Illuminating the Druggable 
Genome (IDG) program34; the Structural Genomics 
Consortium Structure and Chemical Probes programs,35 
and Target2035.36

The “Chemical Space” problem

Currently, less than 10% of human and pathogen targets 
have been “drugged,” and modulating new classes of tar-
gets is likely to require new chemical structures. However, 
fewer than 108 of the potential 1060 drug- like compounds 
have ever been synthesized, and technologies do not exist 
to efficiently explore the vast chemical space which remains 

unmined for drug development. Although progress has been 
made in such prediction for specific target classes (“privi-
leged structures” for kinases and GPCRs, for example), and 
ligand-  and structure- based drug design is increasingly use-
ful, most potential targets are not currently addressable via 
these methods. The ultimate goal must be understanding of 
the general rules that govern interaction of small molecules 
(and other modalities) and their targets, which would allow 
a priori prediction of chemical structures likely to modulate 
any desired biological target. On a practical level, chemical 
space exploration is limited by the efficiency of synthesis of 
quality small molecules, and isolation of active compounds 
from natural product extracts, has not increased appreciably 
in the last 100  years, remaining roughly one compound/
week/chemist. Medicinal chemistry optimization remains a 
largely empirical process guided by experience and intuition 
of the individual chemist rather than data- driven, generally 
applicable, predictive syntheses based on universal and fun-
damental understanding structure- activity relationships. In 
an era in which chemistry’s partner disciplines of biology 
and informatics have increased their throughput by many 
orders of magnitude, chemistry is the rate- limiting factor in 
many translational projects, and is thus an important focus 
for translational science innovation. Early efforts in this area 
include increasingly sophisticated efforts in automated chem-
istry,37 DNA- encoded libraries,38 and the NCATS ASPIRE 

F I G U R E  4  NCATS Translational 
Science Spectrum. NCATS, National Center 
for Advancing Translational Sciences
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project39 and similar projects in industry including the Eli 
Lilly Automated Synthesis Laboratory.40

New therapeutic modalities to reach currently 
inaccessible disease space

Over the last several decades, therapeutic modalities have 
broadened from small molecules, medical/surgical proce-
dures, and behavior modification to include a variety of ther-
apeutic peptides, proteins, antibodies, oligonucleotides, viral 
vector- delivered gene replacement, cell therapies including 
engineered (e.g., CAR- T), embryonic, adult, and iPSCs and 
their derivatives, exosomes, devices, and science- driven be-
havioral change technologies. Despite these new technolo-
gies, a large number of disease- causing abnormalities remain 
inaccessible, including those caused by aberrant protein- 
protein interactions, missense mutations causing misfold-
ing, and nonsense and splice- site mutations. New types of 
chemistries (e.g., peptoids41 and protacs42) and new genetic 
therapy modalities including modified anti- sense oligonucle-
otides (ASOs) and morpholinos, CRISPR- Cas9, and other so-
matic cell gene editing technologies,43 and more targeted and 
immune- evading gene therapy viral and nonviral vectors are 
all needed areas of translational science innovation. In addi-
tion, for the new gene therapy, gene editing and cell therapies 
to reach their potential as widespread and accessible treat-
ments, scale- up, manufacturing, reproducibility, impurity, 
qualification, and other limitations typically referred to as 
“Chemistry, Manufacturing, and Controls” (CMC) will need 
to be overcome. Given that these new therapeutic modalities 
have the potential to be transformative for many patients with 
currently untreatable or poorly treatable diseases, these CMC 
issues must be a major focus for translational science.

New methodologies to increase efficiency in 
preclinical development

New methods to increase the efficiency of the preclinical 
therapeutic development, from early assay development and 
high- throughput screening to later investigational new drug 
(IND)- enabling studies, are needed. With the attenuation of 
many of these activities in large pharmaceutical companies 
and the increasing “virtualization” of preclinical development 
in pharma and biotech, innovation in these areas is particularly 
important for academic translational science. NCATS has fos-
tered a number of new such approaches, including quantitative 
high throughput screening,44 matrix library screening,45 the 
Predictor project,46 biological activity- based modeling (Huang 
et al., 2021), and novel organizational/management models 
that have demonstrated substantial improvements in success 
rates and costs in small molecule drug development.47,48

Harnessing pleiotropy and promiscuity 
for therapeutic development

A fundamental feature of living systems is their use of a rela-
tively limited number of biochemical and signaling pathways 
to perform diverse functions in different cellular or organ sys-
tem contexts. A fundamental feature of therapeutic molecules 
is that they tend to act on multiple targets in vivo. These two 
factors— pleiotropy and promiscuity— led to the frequent oc-
currence of a therapeutic molecule developed for one indica-
tion being useful in treating others. Such “repurposing” has 
historically most often been the result of serendipitous clini-
cal observations, and, if applied broadly, may have the poten-
tial to provide treatments for many diseases with the current 
pharmacopeia, obviating the difficulties of new chemical 
entity development. Translational science seeks to develop 
technologies to make a priori repurposing more predictive— 
“systematizing serendipity”— based on fundamental chemical 
and biological knowledge. But because obstacles to repurpos-
ing of drugs are not only scientific, but include funding, legal, 
regulatory, policy, and reimbursement hurdles, translational 
science must innovate on these issues as well, particularly for 
the majority of drugs that no longer have patent protection. 
The NCATS Pharmaceutical Collection project49 and Cures 
Within Reach (https://www.cures withi nreach.org/) have made 
initial strides in this area, and NCATS and the FDA recently 
held a joint workshop on off- patent repurposing to devise a 
research agenda for this area.50 A related research area is the 
prospective targeting of multiple diseases from the start based 
on shared molecular etiology, a concept that would bring 
multiplexing— a concept widely applied in other areas of biol-
ogy— to therapeutic development.51

Patient/Community engagement

In virtually every area of consumer product development and 
dissemination outside biomedical research, the people who 
are the intended consumers of a new product are included 
in the design and development of the product, to ensure its 
relevance and subsequent use. One of the most effective “dis-
ruptive technologies” in translational science is the involve-
ment of patients and communities in the development and 
implementation of new health interventions, which can bring 
increased relevance, urgency, applicability, and ultimately 
adoption of interventions successfully developed. For this 
reason, NCATS established as one of its founding princi-
ples that patients, patient advocacy groups, and communities 
should be involved as members of the research team from 
the start of every project NCATS undertakes or supports 
(e.g., Merkel et al.52 and Walkley et al.53). But like many 
aspects of translational science, this aspiration is more easily 
stated than achieved, because the field currently lacks robust 
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generalizable strategies for ongoing patient and community 
collaboration that are demonstrated to shorten the time and/
or improve the efficiency of the translational process. This 
patient/community engagement science agenda has already 
produced important advances via the community engagement 
research programs of the CTSA hubs, the required patient 
advocacy group partnerships in the RDCRN, the NCATS 
Toolkit for Patient- Focused Therapy Development (https://
ncats.nih.gov/toolkit), among other initiatives.

Biomarkers for human clinical response

When an exogenous molecule, device, or procedure is ini-
tially administered to humans with the target disease, reli-
able, robust, and reproducible predictors of ultimate durable 
clinical response are critical to avoiding downstream clini-
cal efficacy failure in larger trials. However, such reliable 
indicators of reversal of the pathologic process are currently 
difficult to identify and qualify for either nonregulatory or 
regulatory applications, and their absence is a frequent cause 
of translational failure.54 The Biomarkers Consortium,55 IQ 
Consortium, Critical Path Institute Biomarker Qualification 
Program (https://c- path.org/bioma rker- quali ficat ion- progr 
am- table s/), and the FDA CDER Biomarker Qualification 
Program (https://www.fda.gov/drugs/ drug- devel opmen 
t- tool- ddt- quali ficat ion- progr ams/bioma rker- quali ficat ion- 
program) have made strides in the development of particular 
biomarkers, but new more efficient and generalizable tech-
nologies for biomarker identification, utilization, qualifica-
tion, and prediction are urgently needed and are a major area 
for translational science innovation.

Disease natural history, registries, and clinical 
outcome criteria

For many disorders, especially rare/orphan diseases (defined 
as having <200,000 US prevalence), the clinical phenotype 
spectrum, disease course, and causes of morbidity and mor-
tality are poorly understood, and are often based on small 
numbers of the most severely affected patients. Without ac-
curate and representative clinical characteristics and natural 
history, intervention development is difficult, particularly in 
trials for rare diseases that are increasingly utilizing historical 
rather than placebo controls. Natural history studies and their 
patient registries also enable biomarker identification and ef-
ficient clinical trial recruitment. Technologies are needed for 
cost- effective and interoperable patient registries and natural 
history studies, which will both advance translation for indi-
vidual diseases but also allow identification of commonalities 
among them that would catalyze application of therapeutics 
developed for one disease to be rapidly repurposed for others. 

The use of common ontologies and common data elements 
will be key to this effort.56

Clinical trial designs

The randomized, controlled, double- blind clinical trial be-
came the standard for demonstration of clinical efficacy of 
therapeutics in the late 1940s and has served medical science 
well. However, as the number of therapeutics to be tested 
and the number of types of diseases being addressed have 
increased and diversified, the need for additional trial designs 
that are able to generate reliable results with smaller numbers 
of patients, multiple therapeutics, or indications simultane-
ously, and more cheaply and efficiently have become increas-
ingly urgent. Adaptive, Bayesian, master protocol, umbrella, 
basket, historical control, and pragmatic trial designs among 
others have been developed. But as with other areas of 
translational limitation, the need for both continued innova-
tion and more widespread implementation of such designs 
is needed. In addition to scientific limitations, such designs 
are perceived to carry increased risk of failure for regula-
tory or medical adoption reasons, so many trial sponsors are 
reluctant to adopt them. So translational science must also 
focus on de- risking and implementation science strategies 
for these new technologies. The recent coronavirus disease 
2019 (COVID- 19) pandemic led to a quantal increase in the 
frequency of such trial designs due to increased risk tolerance 
brought on by the pandemic, with multiple adaptive master 
protocol trials being rapidly instituted around the world, in-
cluding as part of the Accelerating COVID- 19 Therapeutic 
Interventions and Vaccines (ACTIV) initiative.57

Clinical trial operational efficiency

In addition to scientific and statistical innovations, translational 
science must also address operational limitations to clinical trial 
efficiency. Per- patient cost now averages over $40,000, with 
those costs doubling every decade (https://aspe.hhs.gov/syste 
m/files/ pdf/77166/ rpt_erg.pdf). Many clinical trials are not 
completed on time or on budget, or fail for futility due to inabil-
ity to recruit the number of participants required58; cycle time 
for large clinical trials, from funding to reporting of results, can 
be 10 years or more. Further, many trials, whether sponsored 
by industry or public sector funders, may not answer clinical 
questions that are needed for improved care of patients, but in-
stead answer questions of interest to the academic investigator 
or to a company seeking marketing advantage.7 Clinical trial 
efficiency and relevance are absolutely required for interven-
tions to reach patients who need them, and thus are major areas 
for translational science innovation. Particular focus is needed 
in the primary causes of delay or cost: multisite institutional 
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review board (IRB) review and contracting, site and investiga-
tor qualification, recruitment, surge capacity, and adequacy and 
timeliness of results reporting.

Single/Harmonized IRBs

It has not been unusual for multisite trials to experience start 
delays of 12– 24 months due to the need for the IRB and legal 
teams at each site— which may number 50 or more— to agree 
on and independently certify the protocol. Such multiple re-
view has been shown not to improve safety, is a large drain 
on institutional resources, and during the time required pa-
tients’ disease may progress rendering them ineligible for the 
trial by the time it is approved. To address these issues, in 
2016, NCATS launched SMART IRB,59 which now has over 
800 institutional signatories who have agreed to single IRB 
(sIRB) review and reliance. Reported improvement in ap-
proval times has been stunning, with one large center (Harvard 
Catalyst) reporting times to reliance and approval routinely 
in 2 weeks, with some trials approved in days— an over 10- 
fold improvement in efficiency. Beginning in January 2018, 
the NIH required all new human subjects research it funds to 
use an sIRB, and beginning in January 2020, the Common 
Rule began requiring that US institutions engaged in multi-
site human subjects’ research to rely on an sIRB. Although 
these developments have begun to solve the IRB problem 
and are a major accomplishment for translational science, 
much remaining scientific, legal, and operational innovation 
is needed to make the new system universally efficient and 
thus realize its promise for translational effectiveness and the 
health of patients.

Clinical trial participant recruitment, 
retention, and diversity

It has been appreciated for many years that up to 50% of clin-
ical trials end in futility after failing to recruit and retain the 
required number of participants to yield a statistically valid 
result.58 In addition, racial and ethnic minorities are very fre-
quently under- represented in clinical trials compared to their 
population and disease prevalence.60 These numbers have not 
improved appreciably over the last 25 years despite reporting 
mandates from the NIH and others. Clearly, recruitment and 
retention strategies, particularly for under- represented minor-
ities, are a major area of scientific and operational innovation 
in translational science. The NCATS- funded Recruitment 
Innovation Center (https://trial innov ation netwo rk.org/recru 
itmen t- innov ation - cente r/) and Accrual to Clinical Trials net-
work (https://www.actne twork.us/; https://www.ncbi.nlm.
nih.gov/pmc/artic les/PMC62 41502/) are two programs in 
this area.

Clinical trial networks

The increase in preclinical translation activity in private 
and public sectors has created an increased need for human 
subjects’ research, both observational to define the natural 
history of diseases, and interventional to test drugs, de-
vices, medical procedures, and behavioral therapies, which 
aim to slow or reverse that natural history. At the current 
time, most publicly funded multicenter trials are performed 
in disease- specific networks (e.g., the AIDS Clinical 
Trials Group (https://actgn etwork.org/), NCI Experimental 
Therapeutics Clinical Trials Network (https://ctep.cancer.
gov/initi ative sProg rams/etctn.htm, NHLBI PETAL https://
petal net.org/) and NIDA CTN (https://www.druga buse.
gov/about - nida/organ izati on/cctn/clini cal- trial s- netwo rk- 
ctn), or in site groups created specifically for each trial 
and disbanded upon completion. Industry funded trials are 
generally run through contract research organizations that 
have relationships with hundreds of hospitals and clinics, 
most of which are not utilized for publicly funded trials. 
The segmented and often ephemeral nature of these trial 
networks has prevented efficiencies from cross- trial and 
cross- disease insights and data harmonization, operational 
efficiencies from an integrated learning clinical trials sys-
tem, and sharing of capacities so important for system flex-
ibility and surge capacity needed to adapt to public health 
needs. The recent COVID- 19 pandemic has brought these 
issues into relief, given the unprecedented need for rapid 
creation, execution, and coordination of multisite clinical 
trials, and the difficulty of the current atomized system 
to respond effectively. The European Clinical Research 
Infrastructure Network (ECRIN) was established in 2004 
to address the need for ongoing disease- agnostic clinical re-
search network capacity in Europe.61 The Patient- Centered 
Clinical Research Network (PCORnet) was established in 
2014 with an emphasis on capacity for real- world evidence 
studies, pragmatic clinical trials, population health research, 
and health systems research.62 More recently, the NCATS 
CTSA Trial Innovation Network (TIN; https://trial innov 
ation netwo rk.org/) was started in 2017 as a national net-
work for translational medicine, able to carry out clinical 
studies of any stage on any disease, with a focus on sci-
entific and operational innovation and efficiency.63 The 
TIN has assisted with dozens of clinical trials across virtu-
ally every therapeutic area in the last 4 years, and played a 
major role in clinical trials of immunomodulators and con-
valescent plasma in the recent COVID- 19 pandemic. The 
NCATS also coordinates a separate clinical network for 
rare diseases, the Rare Diseases Clinical Research Network 
(RDCRN; https://www.rared iseas esnet work.org/), that is 
supported by 10 NIH Institutes and Centers. These networks 
provide the start to the capacity, efficiency, and flexibility 
needed in the clinical trials enterprise.
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Data interoperability

The burgeoning of data production in biomedical research 
has been accompanied by proliferation of data types, data 
models, standards, and usage conditions that suit the needs 
of particular data producers but are not compatible or in-
teroperable with the data needs or standards of others. The 
resulting thicket of data types and standards prevents the 
field from benefitting from insights that could be derived 
from integration of these data. Although this issue affects 
all fields of science, it is particularly problematic in trans-
lation given that translational science is a fundamentally 
integrative discipline, aiming to deduce general principles 
from diverse disease examples and connect insights across 
the translational spectrum from pathophysiology to interven-
tions to health of communities. Thus, data interoperability 
and integration are critical areas of innovation in translational 
science. The NCATS has such initiatives in all of its activi-
ties, but two large- scale flagship projects illustrate the ap-
proach: The Biomedical Data Translator64 and the National 
COVID- 19 Cohort Collaborative (N3C).65 The Translator 
project is connecting and integrating data across data types, 
from genomics to cell biology to pathology to clinical to 
environment in a purpose- built, open- source platform to 
enhance human reasoning via sophisticated open- ended 
and iterative computational investigation, enable identifica-
tion of currently unappreciated connections among diseases 
and their pathophysiology, and advancing the shift from the 
current symptom- based disease nosology to one based on 
molecular and cellular abnormalities that can be targeted 
by specific preventive and therapeutic interventions.66 The 
N3C, in contrast, is connecting, harmonizing, and integrating 
large amounts of data of a single type— clinical electronic 
health record (EHR) data— that are currently represented 
in multiple different data models in many separate institu-
tions, preventing system- wide insights that could inform bet-
ter patient care. The N3C currently contains over 4 billion 
rows of data on over 3.5 million patients from 42 academic 
medical institutions across the United States, of whom over 
800,000 have been diagnosed with COVID- 19; its eventual 
scope will be over twice this large. Hundreds of qualified 
researchers across the world are now using the N3C data to 
answer important questions on acute COVID- 19 symptoma-
tology, patient comorbidities, ethnic and racial disparities, 
therapeutic responses, and the characteristics and prevalence 
of persistent symptoms following COVID- 19 infection (i.e., 
the Post- Acute Sequelae of COVID- 19, or “Long COVID”). 
The scope and scale of the N3C are unprecedented, as was 
the speed of its creation over just a few months in the summer 
of 2020. The reasons this was possible illustrate important 
principles of translational science: collaboration among very 
diverse research teams, focus on transformational capaci-
ties to solve rate- limiting steps to translational efficiency, 

and patient- relevant deliverables. The N3C was enabled by 
a deliberate strategy to create secure scientific collaborative 
platforms starting in 2016 at NCATS, and an equally deliber-
ate building of interoperable nationwide clinical informatics 
capacities in the CTSA program hubs and National Center 
for Data to Health (CD2H, https://cd2h.org/). N3C is another 
prominent example of the NCATS “3Ds” paradigm: although 
the current use case is COVID- 19, the platform is generally 
applicable to any disease.

Shortening time of intervention adoption

It has been estimated that an average of 17 years currently 
elapses between the time an intervention is shown to be ef-
fective and the time it reaches all patients who could ben-
efit,9 and that medical care continues to frequently not follow 
evidence- based recommendations.67 This “last mile” of the 
translational process is particularly complex, because it in-
volves not only scientists and physicians, but also sectors not 
primarily focused on medical research (payors, public health 
departments, and social determinants of health including 
housing and food). This is a critical area for translational sci-
ence innovation, because translation is only successful when 
it improves health of individuals and communities in tangible 
and measurable ways.

Fostering the adoption of individual interventions for par-
ticular diseases is performed by public health campaigns by 
governments and nonprofits, disease- specific professional 
societies, and NIH institutes, and is the focus of pharmaceu-
tical and device company marketing. However, the area of 
scientific investigation that seeks to understand the general 
principles and practices of successful intervention adoption 
in clinical and public health settings is the field of dissemi-
nation and implementation (D&I) science,68 and is a crucial 
component of translational science that is only beginning to 
have the emphasis and support it needs from the research 
community. The NIH Office of Disease Prevention supports 
a wide spectrum of D&I research (https://preve ntion.nih.gov/
resea rch- prior ities/ disse minat ion- imple menta tion), as does 
the Agency for Healthcare Research and Quality (AHRQ). 
The NCATS is supporting a wide spectrum of D&I research 
(e.g., Brownson et al.69) and projects that have, for example, 
improved dissemination of health interventions in high- need 
communities70 and improved medication adherence.71

Organizational innovation priorities for 
translational science

Translation is by nature a cross- stage and cross- discipline, and 
often cross- culture and cross- value, activity. The word transla-
tion itself— meaning “to carry across”— implies a gulf between 
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the participants that must be bridged. The many different scien-
tific, medical, and patient disciplines that comprise the transla-
tional team can lead to miscommunication and misalignment of 
priorities that regularly impede the progress of translational pro-
jects, or cause outright failure. Such disjoints can occur in any 
realm of science, but in translational science they are a feature 
of every project. Progressing a translational intervention from 
the laboratory to clinical testing to medical practice to public 
health requires no less than 20 distinct scientific disciplines, 
each with its own vocabulary, incentive structures, and valued 
outcomes. Many translational projects require transition from 
public sector to private sector, sometimes multiple times, and 
involve patients and researchers, all of whom ultimately desire 
the same result— an intervention that successfully improves 
health— but whose priorities and short- term reward structures 
are often starkly different. These dynamics mitigate against the 
sustained team effort that is obligatory for translational success.

Although reliable figures are lacking, it is common expe-
rience that a substantial number of translational projects fail 
not for the “hard” science reasons enumerated in the previ-
ous section, but for social science and organizational reasons. 
This has substantial implications for the field of translational 
science: because the field seeks to understand, and develop 
solutions to, all the causes of translational inefficiency, in-
effectiveness, and failure, it must include innovation in the 
social and organizational science etiologies of that failure 
just as much it does the bioscience causes. NCATS therefore 
stresses innovation in both. Here, I enumerate some of these 
social and organizational science priorities for translational 
science.

Understanding of translation

Historically, most biomedical translation occurred in the 
pharmaceutical industry, which for proprietary reasons did 
not publish or otherwise promulgate most of its science. 
Drugs and devices are presented as finished products, with 
very little description of how these interventions were devel-
oped. As a result of this “black box” tradition of therapeutic 
development, most of the scientific and lay public have little 
or no knowledge of the activities and distinct scientific dis-
ciplines of translation, and the field lacks a robust scholarly 
literature that could drive improvements in understanding 
and productivity as has happened with other fields of science. 
Together, these dynamics have led to widespread mistrust 
of biopharmaceutical sector, and persistent misperceptions 
about translation which hamper solutions that would benefit 
health and the public.72 Therefore, the first priority in the so-
cial/organizational domain is in education and communica-
tion at all levels, to instantiate understanding of translation 
by scientists, physicians, policymakers, and the public. This 

understanding is a prerequisite for making other priorities 
possible.

Understanding of translational science

The concept of a “science of translation,” distinct from the 
process of translation for a particular intervention for a spe-
cific target or disease (often referred to as “translational 
research”), is relatively new and still unfamiliar to many. 
Translational science is a field of investigation which seeks to 
understand the fundamental scientific principles underlying 
each step of the translational process, in order to make it more 
predictable and efficient; it is as different from translation as, 
for example, data science is from data.2 Understanding of this 
difference has been hampered by the unfamiliarity of many 
outside the biopharmaceutical industry of what translation 
entails, its currently empirical nature, and a resulting belief 
that translation is a rote process that involves little science as 
conventionally defined— when in fact the opposite is true.72 
Understanding that a science of translation is needed to solve 
the well- appreciated inefficiencies and high failure rate of 
new intervention development, and academic and training 
programs to support and foster it, must be a major priority for 
the coming years of translational science.

Academic discipline of translational science

Many of the needs and opportunities described above will 
only be addressable in the context of a new academic disci-
pline of translational science. Departments of Translational 
Science will need to have subdisciplines not commonly 
represented in academic settings (e.g., toxicology, process 
chemistry, regulatory science, clinical trial design innova-
tion, and implementation science) and have distinct organiza-
tion and reward structure, incentivizing the team science and 
multidiscipline collaboration required for successful transla-
tion. Demonstrated improvements in the understanding, effi-
ciency, effectiveness, and health impacts of translation would 
be the primary outcome. Measures of success would include 
publications and patents but would explicitly recognize the 
contributions and expertise of all team members, including 
consideration of an alphabetical author lists as is the practice 
in other fields. Additional measures would be equally impor-
tant in considerations of promotion, including deliverables 
that are demonstrably useful to researchers in other fields, 
other organizations in the translational ecosystem, including 
regulators, companies, and payors, and most importantly pa-
tients. Systems for assigning credit for contributions to long- 
term, multistage, multidisciplinary projects would need to be 
instituted in departments of Translational Science, utilizing 
the lessons from such systems in genome science, physical 
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science, and biopharmaceutical organizations. New funding 
streams for translational science, and mechanisms to support 
the careers of academic translational scientists after their 
training, are critically needed for academic departments of 
translational science to develop and prosper. NCATS is the 
principal US funder of translational science and although it 
supports robust training in the discipline, it currently can-
not support the research careers of translational scientists. 
Resolving this absence of academic translational science ca-
reer funding must be an urgent strategic priority for the field 
(Box 2).

Academic incentives/credit for team science

Translation is obligatorily collaborative, given the multi-
plicity and diversity of disciplines needed to successfully 
develop and implement an intervention, and the science 
to make translation more effective and efficient. The or-
ganization, operation, credit allocation, and incentives in 
academic institutions often mitigate against those required 
for translation, and as academic institutions become more 
active in translation, this form/function mismatch has 

become limiting to productivity at many institutions. Most 
academic promotion and tenure committees, even those at 
institutions with policies that encourage academic credit 
for team science, adhere to the traditional metric of “inde-
pendent” productivity as measured by first-  or last- author 
publications in high impact factor journals, and grant fund-
ing that supplies not only salary and supplies but the indi-
rect costs that fund much of academic infrastructure. While 
this metric remains appropriate for many areas of science, 
particularly in the basic sciences, it is an impediment to 
academic translational research and translational science. 
In addition, although academic institutions can do much 
to adapt their incentive and reward structures to the needs 
of translational science, public funding agencies have also 
increasingly recognized the incentives inherent in the dom-
inant “principal investigator” model, which have perpetu-
ated the traditional model of promotion, recognition, and 
tenure in funded institutions. Multiple institutes and cent-
ers at the NIH, including NCATS, have instituted novel 
funding mechanisms to support academic team science 
(e.g., https://www.nigms.nih.gov/grant s/RM1/Pages/ Colla 
borat ive- Progr am- Grant - for- Multi disci plina ry- Teams 
- (RM1).aspx).

BOX 2 Why translational science, and much translational research, must be an academic discipline
Some have questioned whether academic translational research projects, and an academic discipline of translational 
science, are necessary or appropriate given that the private- sector biopharmaceutical industry has as its mission the 
development of drugs and devices to prevent and treat disease.18 Conversely, some have suggested that biopharma 
must be unaware of, or uncaring about, the medical needs and translational inefficiencies that academic translational 
research and science address. Both misapprehend the incentives and imperatives of the private sector, and the com-
plementary nature of public and private in driving translational advances. Because private sector organizations have 
a legal fiduciary responsibility to their investors (i.e., funders) to provide their initial investment back and a financial 
gain to compensate them for the use of their investment dollars, companies must choose projects that have a reason-
able likelihood of delivering that financial return in the relatively short term (typically 3– 5 years). Diseases with low 
prevalence, and targets that are poorly understood (“unvalidated”) are generally viewed as being too risky to support 
private sector investment due to the low expected financial return and/or excess likelihood of project failure. The ma-
jority of human diseases and novel targets have risk profiles that make them unattractive to private sector investment.
The Orphan Drug Act of 1983 and a variety of regulatory voucher programs have had some success in altering the 
financial risk calculus and making more diseases attractive to private sector investment. The scientific risk of unvali-
dated targets can only be mitigated by work not reliant on financial return on investment (i.e., public sector funding). 
Because 95% of human diseases currently have no specific FDA- approved treatment, and 90% of disease targets re-
main unvalidated, public sector research to “de- risk”— that is, develop to the point of proof of principle— is required 
to allow adoption by the private sector. These are the necessary and proper province of public sector translational 
research, which historically has been remarkably productive.73 Translational science, which produces fundamental 
knowledge to improve the understanding, efficiency, and effectiveness of the translation for all in the research ecosys-
tem, also does not produce the financial return required for private sector investment. Academic translational science 
will increase knowledge and efficiencies for all, and academic translational research will de- risk projects sufficiently 
for private sector investment, and create interventions for diseases that cannot support a return on investment model. 
By working in complementary roles, public and private sector biomedical research together advance the health and 
well- being of the public.
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Integration of project management

One of NCATS’ mantras is the “Translation is a Team Sport.” 
One of the implications of this reality is the need for scientifi-
cally expert project managers who are also skilled in the peo-
ple and deliverable management required for a translational 
team to be successful. Whereas long a feature of biopharma-
ceutical teams, albeit not always with the scientific skills or 
stature needed, project management has been virtually non-
existent in the academic and nonprofit sectors until relatively 
recently. In academia particularly, the invaluable role that ef-
fective project managers play on the translational team has not 
been generally recognized, and they rarely are accorded aca-
demic stature. NCATS has instituted a robust project manage-
ment structure and has supported our grantees to do the same.

Education/Training

Like any new field, translational science requires the build-
ing of an educational and training framework, heuristics, and 
professoriate that will train investigators new to translation 
and translational science. The fundamental characteristics of 
a translational scientist have defined by an international con-
sortium and are now widely adopted.74 Robust and successful 
training programs in translational research developed by the 
CTSA program provide innovative curricula, competencies, 
and shared educational platforms across the consortium.75 
Complementing these established efforts with translational 
science training is just beginning.76 Because translational 
science has not traditionally been an academic discipline, 
much of the scholarly literature and training materials, par-
ticularly in preclinical translation, will need to be expanded 
and generalized, adapted from those that many biopharma-
ceutical companies created to educate and train their scien-
tists, or created de novo. Traditionally, training in preclinical 
translation and regulatorily directed clinical trials occurred 
in pharmaceutical companies, with those companies assum-
ing that their new hires would have no knowledge or training 
in translation in their academic institutions from which they 
came. This training practice has waned over the last 20 years, 
putting increased importance on robust and innovative trans-
lational training programs in academic institutions.

An example of the training materials needed is the NCATS 
Assay Guidance Manual.77 The NIH Chemical Genomics 
Center, now part of NCATS, partnered with Eli Lilly and Co. 
beginning in 2005 to adapt and externalize Lilly’s internal 
training materials. This remarkable public- private educa-
tional partnership has since evolved into a freely available 
and regularly updated electronic book with an international 
editorial board and over 40 chapters with detailed rationales 
and protocols for virtually every stage of the preclinical 
drug development process, used by over 30,000 researchers 

worldwide ever year. This Assay Guidance Manual (AGM) 
serves much the same function as the “Maniatis” Molecular 
Cloning manual78 did for the those in the then- new field of 
molecular biology. The AGM has been adapted into a course 
that is now widely attended by both academic and pharma-
ceutical scientists. A new course on translational science has 
also been designed and initiated by the NCATS Education 
Branch, using the case study method. Every CTSA hub also 
has robust training programs that have evolved over the last 
decade to include nontraditional fields, including team sci-
ence, regulatory science, and entrepreneurship. For many 
trainees, translational science is an attractive field because 
it offers a host of new scientific opportunities, and embodies 
the teamwork and medical and social impact that trainees in-
creasingly seek in their chosen field.

Data transparency/sharing

In addition to the technical challenges to data sharing dis-
cussed above, there are myriad policy and organizational 
issues that limit data sharing, and that are in need of study 
and innovative solutions. Although progress has recently 
been made on policies for sharing of genomic and other 
types of data from NIH- funded research (https://grants.nih.
gov/grant s/polic y/data_shari ng/), sharing of translation-
ally relevant data remains problematic, including, for ex-
ample, data on drugs or other interventions intended for or 
currently being commercialized, data on drugs and devices 
that were approved by regulatory agencies, particularly 
those that are now off- patent, and data of various types from 
EHRs. In the academic domain, the NIH National Library 
of Medicine ClinicalTrials.gov database, Drugs@FDA 
and NCATS Inxight Drugs resources (https://drugs.ncats.
io/), Open Data Portal of drug screening and animal model 
data (https://opend ata.ncats.nih.gov/), and N3C enclave for 
COVID- 19 EHR data (https://covid.cd2h.org/) are examples 
of the kind of data transparency needed. Likewise, industry 
data sharing platforms and registries such as the Yale Open 
Data Access (YODA) Project (https://yoda.yale.edu) and 
the TransCelerate platform for clinical trial data (https://
www.trans celer atebi ophar mainc.com/initi ative s/histo rical 
- trial - data- shari ng/) are exemplars of such translational data 
sharing.

Intellectual property management

Given that translation often involves commercialization, in-
tellectual property (IP) and potential liability are frequent 
source of disagreement, delays, and outright project failure. 
This may be due to differing valuation of IP by the partners 
(e.g., IP considered late- stage and therefore valuable by an 
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academic partner but early stage and therefore less valuable 
by a company partner), unfamiliarity with incentives, poli-
cies, or laws governing the partner, or lack of template agree-
ments that would facilitate negotiations, among other causes. 
NCATS has instituted bidirectional education, innovative 
IP management policies based on data- driven milestones, 
and templating of agreements, and has achieved substantial 
improvements in productivity (https://ncats.nih.gov/files/ 
NCATS_Innov ation_Paten ts_2018_2020.pdf).

Collaborative structures

Related to, but independent of, IP management is the need 
for innovation in collaborative structures to support the 
broad and frequent partnerships that characterize transla-
tion. Because every project at NCATS is a collaboration 
with at least one partner across the public, nonprofit, and 
for- profit sectors, it has prioritized creation of innovative 
partnership models that can deliver effective agreements 
and products more efficiently. The most public expression 
of the NCATS approach to collaborative agreements is in 
the name of the office responsible for them: the Office 
of Strategic Alliances (OSA), rather than the commonly 
used “technology transfer.” Like other translational terms 
(e.g., “pipeline”24), “technology transfer” may perpetu-
ate a misconception, in this case that academic inventions 
are generally immediately suitable for commercialization 
with minimal additional development by the partner. In 
practice, this is rarely the case, and what is needed is an 
alliance to jointly investigate whether the invention can 
be developed successfully. Using this guiding ethos, the 
NCATS OSA has produced a quantity and complexity of 
collaborative agreements equal to those of organizations 
many times its size, demonstrating the kind of increased 
efficiency and innovation that is the hallmark of successful 
translational science programs. Among the breakthrough 
agreements OSA has put in place are a widely used tem-
plate agreement for company- academic partnerships to 
investigate new disease indications for existing pharma-
ceutical assets (https://ncats.nih.gov/allia nces/forms), and 
an umbrella agreement covering all of NIH with the Pfizer 
Centers for Therapeutic Innovation (https://ncats.nih.gov/
cti/about).

CHALLENGES AND PROSPECTS

We are fortunate to be living in a time of seemingly end-
less possibilities in biomedical science. It is a time in 
which what research questions we ask is no longer limited 
principally by our technical capabilities. This puts an in-
creased onus on the research community to not only ask 

the all- important basic questions that will drive our un-
derstanding of ourselves and our world and produce the 
“seed corn” for future translation, but also ask how we 
deliver on the promise of this amazing science to our fel-
low human beings, millions of whom suffer from poorly 
treatable diseases, the causes of which are now in many 
cases well- understood. Translational science aims to en-
able the answering of this latter question though the same 
strategy that has succeeded in transforming our capacities 
in so many other ways: science.

The oft- used moniker for translation is the “Valley of 
Death,” invoking the often inexplicable failure of the vast 
majority of projects in their attempts to traverse the transla-
tional journey from scientific potential into medical reality. 
This daunting situation will not be solved by doubling down 
on current approaches, sending more projects into the Valley 
of Death. It will be solved by scientific understanding of the 
reasons for failure and new technologies to avoid or over-
come them. The ultimate goal of translational science is not 
to traverse the Valley of Death. It is to eliminate the Valley 
of Death entirely, through scientific understanding and inno-
vation. This is the scientific challenge of our time, much as 
fundamental physics, communications and computing, and 
molecular biology and genomics were in times past. Each 
of these seemingly intractable challenges yielded to bold 
vision and sustained innovative execution, and in so doing 
immeasurably transformed our world for better. Translational 
science is in many ways an even greater challenge, and its 
realization will require the same sustained bold vision and 
execution. A world in which a patient never again has to hear 
from their doctor, “there is nothing we can do for you,” is the 
ultimate promise of translational science. There is no more 
important, more urgent, or more noble mission.
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