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EXECUTIVE SUMMARY

Introduction

In The 2029 Project: Achieving an Ethical Future for Biomedical R&D, the Institute for
Alternative Futures (IAF) provides a sweeping preview of the greatest advances coming
through biomedical R&D. The report forecasts that a wide array of achievements in science
will be enabled by an ethical evolution. After scanning the scientific literature, interviewing
dozens of scientists and holding meetings focused on 2029, IAF anticipates a culture change.
An emerging ethical concern for global health will create the context for medical science to
realize its full potential, which will culminate in a Health Advocate Avatar." IAF offers seven

recommendations to bring science and ethics together through the Avatar.

The 2029 project explicitly pushes the boundary of optimism because an accelerating rate of
change can deliver a cascade of surprising successes in science. IAF contends that scientists
who can imagine such success will be all the more likely to achieve it over the next twenty-four
years. As a rule scientists want their work to improve the quality of life in this world, and this

report shows how such a highly ethical endeavor can unfold.

Futures Methodology

IAF began this project in 2004 using a forecasting method to help scientists imagine success in
2029. The project used literature scans to develop forecasts describing the breadth of change
that biomedical R&D promises. |IAF used its provocative forecasts to interview dozens of
leading scientists who explored the most promising areas for improving health. |IAF organized
workshops with selected scientists from various disciplines and interest areas to develop

further foresight across different fields. To help scientists share common ground in this

" In this report the term avatar refers to a computer interface that personifies collective knowledge. The word has been
adapted in computer game cultures from a Sanskrit term referring to the incarnation of a Hindu God. (See
http://en.wikipedia.org/wiki/Avatar %28disambiguation%29.)
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exploration, IAF prepared multiple briefing papers on potential breakthrough areas.’ |AF then

revised its forecasts after working with farsighted scientists on February 10, 2005 to develop

timelines showing how biomedical R&D can develop its greatest contributions to global health.

Health Advocate Avatar

The most exciting forecast is the Avatar. The scientists at the February meeting concluded
that IAF should bring them back together with others who have the expertise and capability to
help create this Avatar. Basically the Avatar is a knowledge interface that can mediate
interactions between individuals and the world of medical knowledge. The Health Advocate
Avatar is envisioned as a secure and discreet agent for the individual that also represents a
highly ethical learning technology for collective knowledge. A variety of developments and
new technologies will be required to provide components for the Avatar, including natural
language search engines, truly effective voice recognition, haptic devices and high resolution
displays. The Avatar is envisioned to be a coach, educator and health manager that draws on
the experience of large populations. The Avatar can provide individuals with control and
personalized advice while serving health worldwide. More than just a technological wonder,
the Avatar is an ethical development that can facilitate the health of both individuals and

society.

Four Timelines
The promise of the Health Advocate Avatar is supported by a large number of forecasts IAF
arrayed along four timelines. They anticipate short term (2005-2010), mid term (2011-2020)
and long term (2021-2029) developments in biomedical R&D. Each timeline is thematically
distinct, yet they flow together to offer patterns of opportunity that the Avatar can synthesize
into a growing capability to achieve health. The four timelines are:

e Turning data into information, knowledge and wisdom: Science will have

extraordinary tools and immense amounts of data to support knowledge creation.

2See http://www.altfutures.com/2029.asp.
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e The union between East and West: Bringing together Eastern and western ways of

understanding will lead to a unifying theory of biology.

e Moving beyond boundaries: Greater connectivity will accelerate learning around the
globe, into communities and by individuals.

e Shift from disease to health potential: Medicine will shift from managing the risks of

disease to promoting the potential for health for individuals and society.

Turning Data into Information, Knowledge and Wisdom

Knowledge is power, and more people will gain access to this power. Over the next five years,
the flood of data from genetics, proteomics and electronic medical records will be converted
into an overwhelming amount of health information. Scientists will use new knowledge tools,
such as intelligent agents, to create the context that converts this information into knowledge.
By the mid-term the accelerating spread of knowledge will include biomarkers that illuminate
cellular pathways. Systems biology will take these pathways into new assessments of
individual health potential based on signals of pre-disease. By the 2020s, a prognostic system
will emerge and begin to replace the diagnostic systems of the past. Remarkable knowledge
tools, such as immersive interactive environments and virtual brains will support the creation
and dissemination of knowledge. By 2029 more people will be looking beyond knowledge and

asking how to create wisdom.

The Union between East and West

Wisdom can arise from different cultures that will bring their particular gifts together in the
decades ahead. Over the next five years Eastern philosophies and practices will be further
adopted in the West, complemented by a growing base of Asian scientists bringing their
worldview to biomedical R&D. By 2020, this combined knowledge will merge science and
ancient beliefs into a new understanding of health that recognizes subtle effects, chaos theory
and energy fields. At all levels prevention will become the favored intervention, with pre-

disease displacing disease as the focal point for research. Death will become another focal
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Introduction

“Any useful statement about the futures should seem ridiculous.” The Institute for Alternative
Futures (IAF) 2029 Project: Achieving an Ethical Future in Biomedical R&D may seem
ridiculous for its optimism. Why is such an unabashedly positive statement about science and
ethics in the future useful? Because an accelerating rate of change leads scientists, policy
makers and the public to underestimate rather than overestimate the future contributions of
biomedical R&D. In 1980, scientists did not anticipate that they would largely map the human
genome by 2005. They could not see how a World Wide Web would link researchers and
information. People did not expect that a global biotechnology industry could clone animals
and create stem cells and more momentous changes are now before us. Change may be
coming faster than we realize. So this report risks overestimating rather than underestimating

the potential that biomedical R&D holds for the next 25 years.

There is another, more important reason for pushing the boundaries of optimism rather than
just predicting what scientists now think is most likely. People who can imagine surprising
success are more likely to achieve it. It fires the imagination to think science can prevent
disease, improve global health and bring greater wealth to billions of people who will live on
this planet over the next twenty-five years. Science holds this promise. Pessimists are
generally more realistic about what can be achieved, but optimists are more successful.* So
this report portrays the remarkable potential of scientists who by striving together for a noble

purpose may surprise the world with their success.

This report is based on more than just optimism. Section 1 describes the Futures

Methodology Employed for the 2029 Study. |IAF began with an initial research framework

3 Jim Dator, quoted from Hawaii Research Center for Futures Studies web site (http://www.futures.hawaii.edu).
* Martin E.P. Seligman. (1998) Learned Optimism. Simon & Schuster, Inc. New York: New York.
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for a literature scan that sought evidence for potential breakthroughs.®> This scan helped IAF

develop an initial set of forecasts intended to prompt and provoke knowledgeable scientists.®
IAF then conducted dozens of interviews along with a forecasting session at Draper Labs. The
interviews helped IAF focus on key changes which became the basis for a meeting with far-
sighted scientists that IAF gathered for the 2029 Project.

Section 2 presents the Vision of a Health Advocate Avatar, which emerged from this
meeting. This Avatar can be a new knowledge interface between individuals and the ever
expanding world of biomedical R&D. The vision shows an ethical evolution inciting a scientific
revolution to serve both individual and collective health. Readers are invited in this section to
imagine a trusted intelligent agent helping each person use the global knowledge base to
achieve better health. Just as significantly, this Avatar can help each person contribute to
better global health.

Section 3 describes Forecasts and Trends anticipating the scientific and technological
advances that support the vision of a Health Advocate Avatar. Four timelines bind multiple
advances together thematically to show the major changes anticipated by 2029. One theme is
Transforming Data into Information, Knowledge and Wisdom, which shows a remarkable
knowledge revolution coming. A second theme, The Union Between East and West describes
how future science can support global health advances. The third, Moving Beyond
Boundaries, anticipates networks overcoming the silos that constrict innovative science in
departments, disciplines and sectors. The fourth theme, Shift from Disease to Health

Potential, takes prevention from the margins of healthcare onto center stage.

Section 4 covers the Biomedical Research and Development Advances identified in the

extensive research that IAF conducted through literature reviews and interviews with leading

’ The initial framework, forecasts and a series of background research papers are available on the IAF website:
http://www.altfutures.com/2029.asp.
® See IAF website: http://www.altfutures.com/2029/2029 Forecasts.pdf.
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scientists. This section highlights many specific developments, including knowledge

technologies, molecular imaging, systems biology, biomonitors, stem cells and nanomedicine.
Many of the advances are revolutionary for healthcare. However, by putting them together the

2029 Project invites a larger recognition that a new capability for health can emerge.

Section 5 addresses The Evolution of Ethics and Healthcare with the forecast that our
ethical positions will evolve toward a greater human concern for life globally. This report
asserts that this higher ethical position will support economic success and improvements in
healthcare by guiding science over the next 25 years. The theory of evolution helps explain
the rise of this global ethic. Natural selection works on the evolution of healthcare, political

economies and ethical positions as well as genes and species.

Section 6 offers Seven Recommendations that IAF makes for initiating action in 2005 that
can make the optimistic picture of 2029 most likely. We invite readers to take these actions on

their own, support others or join IAF as it organizes efforts to make this vision for 2029 real.

Section 7 provides the report Conclusion. The central question we ask of science has a
surprising answer. How do we make sure the full potential of science is unlocked over the next
25 years? We evolve our ethical position to serve global health. The Health Advocate Avatar
is the most exciting step we see to take us up the path that puts science in the service of a

higher ethical calling.

This report was informed by many scientists. Appendix A lists Experts and Meeting
Attendees who helped IAF throughout the 2029 Project. Appendix B provides The Draper
Laboratory Report which offers a specific set of forecasts highlighting bioengineering

advances.

While many scientists helped to develop the ideas in this report, the Institute for Alternative

Futures is responsible for the vision and forecasts. IAF explicitly seeks to push the limits of
3



possibility for biomedical research and development. Our challenge is to see the brightest

future for biomedical R&D and then show the possibilities to those who can help make this

healthier future come about.



Section 1: Futures Methodology Employed for the 2029 Study

The 2029 project began in 2004 with an ambitious work plan to study the future of biomedical
research and development with selected thought leaders across many scientific disciplines and
institutions. Learning is a journey and IAF sought fellow travelers who could identify and
understand potential advances in biomedical research. The stated goal was to identify the
most important developments that could contribute to improving global health by 2029.
Readers will meet the remarkable scientists and healers who guided IAF through quotes and
citations in the report. Their words reflect deep insights and a farsighted view of exciting

possibilities.

Scanning the Literature

IAF’s first step was to create a research framework that would support an extensive literature
scan. The scan quickly revealed that dynamic change tends to blur previously distinct topics.
Converging sciences and technologies such as biology and informatics can form whole new
fields, as in the case of bioinformatics. The scan showed an expansive array of new
knowledge and technologies emerging. The challenge was to put it together comprehensively
and coherently. Highlights from this literature scanning process are summarized in the

Biomedical Research and Development Advances section of this report.

Forecasting Potential Developments

From the initial scan IAF created a preliminary set of fourteen forecasts. These were
statements designed to be “stalking horses” that would elicit responses from people with
informed opinions. IAF sought to be provocative with some of the forecasts, but found in many
cases that thought leaders regarded some statements about the future to be too cautious and

some too far-fetched.



These forecasts were continually reworked based on additional comments received from our

interviewees, as well as 2029 forecasting meetings. These forecasts intentionally pushed the
boundary of what is probable both in biomedical research and in healthcare. The forecasts
presented in the Forecasts and Trends section of this report represent the most exciting of

the forecasts developed during the project.

Interviewing Leading Experts

After the initial literature review, we interviewed experts in different fields of biomedical R&D.
These interviews clarified and confirmed much of our learning, while taking us into completely
new, unanticipated insights. The scientists helped us see what we now regard to be the most
promising areas for progress over the next 25 years. Based on these interviews, |IAF
performed a deeper level scan in selected areas of biomedical R&D to create a series of
overview papers that would provide a common framework for our February meeting with

selected scientists.’

IAF also held a joint meeting with Draper Lab to explore the preliminary forecasts. The Draper
Lab workshop produced deep insights into future advances in microelectromechanical systems
(MEMS), and nanotechnology. While many of the insights from this joint meeting were carried
forward into the February 2005 meeting with leading experts and into this report, more detailed
discussion can be found in the meeting report. This Draper Laboratory Report is therefore

included in Appendix B.

February 2005 Meeting with Leading Experts

On February 11, 2005, IAF invited 16 experts in the field of biomedical R&D and medicine for a
full day meeting to identify the most promising areas of progress over the next 25 years.

Based on the previous research and interviews, five overview papers were distributed to

stimulate the participant’s thinking. The participants were encouraged to think out into the

" See the five overview papers on molecular imaging, nanomedicine, open source research, the nervous system
and knowledge technologies on the IAF website: http://www.altfutures.com/2029.asp.
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future and identify the most promising areas for progress over the next 25 years. Over the

course of the day, a surprising shift occurred. The focus of the discussion moved from science
to ethics and from the problem of disease to the opportunity for health. The discussions of
ethics formed the basis of the Evolution of Ethics and Healthcare section of this report. The
most exciting breakthrough idea of the meeting was the concept of the Health Advocate

Avatar. Based on their thinking, we developed the Vision of the Health Advocate Avatar.

Disseminating Learning

Our final stage of the project is disseminating the learning from IAF’s Biomedical Research
2029 project to a wider audience. |AF will distribute the report electronically to selected
scientific and policy organizations, while inviting the public to download the report from the IAF

website.



Section 2: Vision of the Health Advocate Avatar

To explore the scale of change that may be possible by 2029 as advances in many areas
converge, consider the concept of the Health Advocate Avatar. Imagine that you are in the
future and this knowledge interface is mediating your interactions with the healthcare system.
It uses natural language processing to present complex medical information to you in an easy
to understand and intuitive way. It allows you to choose the best possible care and helps
motivate you to live a healthier life. But it is also a comprehensive intelligent network linking
you to providers and global information resources. Through sharing knowledge of your health
with the Health Advocate Avatar, you also contribute to greater health for others all around the

world.

The Avatar is secure and discreet and is always protecting your privacy and keeping your
interests foremost. It works for you and you have control over it. You are comfortable that this
Avatar knows all about you—your personal health history, your health-related behavior, your
values and your dreams. You know it will use all its knowledge to help you be healthy. When
you allow the Avatar to share your information with others on the network your information is
presented anonymously. It is only used to identify ways to make you, your community and
world healthier. When you interact with your Avatar you are gaining knowledge while giving

information.

You might interact through myriad interfaces. You could talk to your avatar, use gestures that
communicate via motion, perhaps transmit via neural implants or even use the old fashioned
keyboard. You could continuously feed data to the Avatar through monitors, some of which
you wear all the time and some of which you pass by periodically. The Avatar would be able to

draw relevant information from your personal records, whether medical or financial.



The concept of this Avatar is not so futuristic when you consider the capabilities now available

and those likely to emerge over the next 25 years of biomedical progress. Potential
components of this avatar are in development now. Natural language search engines and
knowledge repositories can already be put into play. Pioneers in personal health records
already can provide useful formats, as could other systems now developing electronic medical
records. Monitoring technologies now on the market could be part of the initial construction of
the Avatar. People are experimenting with exciting prototypes that make the human-computer
interaction more friendly and natural. The field of haptics research is combining computer
graphics and video display with devices that respond to touch.® Once voice recognition and
graphic displays become better you may simply talk to the Avatar, which is represented on a

high resolution display as a favorite figure now, perhaps as a hologram in the future.

The Avatar would listen to learn what you value most and scan for evidence that confirms how
your expressed values align with your actions. The Health Advocate Avatar might scan your
purchases and other evidence of lifestyle choices. Monitors could show multiple physiological
parameters, such as pulse and calories expended today. Many more biomarkers will be
available in the coming years. The Avatar could cross-check all this personal information with
leading knowledge centers to provide personalized knowledge about your health status and

potential health improvements.

The Avatar will be your coach, educator and health manager. It can draw on the cumulative
experience of others with similar needs, wants and values to guide decisions and provide
incentives to encourage healthy behaviors. Individuals could keep the locus of control, and
this might mean someone could knowingly lie to the Avatar and diminish its ability to help that
person reach full potential for health. However, the Health Advocate Avatar would operate
under ethical constraints designed to assure that it conveys the best available knowledge back

to the individual.

® See http://haptic.mech.northwestern.edu/PaperArchives.html for examples and background.
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The Avatar has a dual role as an agent for the health of both individuals and society. As it

connects to sources of knowledge for you, it also is contributing knowledge needed for the
collective health of society. For example, the Avatar could pick up signals showing health
trends, such as obesity or depression. Avatars might reveal new threats such as pathogens
that emerge in our changing ecology. Using the knowledge they generate, Health Advocate
Avatars could coach policymakers and public health leaders responsible for decisions and

investments in collective health.

The knowledge of collective health will expand as individual information flows into a variety of
collecting pools. Whenever any individual puts knowledge into his Avatar it could benefit
everybody in the system that interacts with the Avatar. You could empower your Avatar to
exchange data, information or knowledge that adds to the collective pool, while drawing from
the pool in order to bring more health knowledge to you. Working like today’s search agents
only with a good deal more intelligence, the Health Advocate Avatar could be empowered to
negotiate entrance into health data bases, sources of information and knowledge. These
pools of shared information might include electronic medical records in healthcare provider

systems or the growing number of genetic records collected by countries such as Iceland.

The Health Advocate Avatar is as much an ethical opportunity as it is an opportunity for
science and technology advances. The Avatar can help people evolve their ethics so they
become more knowing contributors to better health at all levels--their families, their
communities and people everywhere. Any individual wanting to make the most out of his life in
2029 would gain a knowledgeable guide with the Avatar. The family and neighborhood
working for health would find a great resource for community health in the Avatar. The
Director-General of the World Health Organization in 2029 could gain knowledge from Avatars
around the world to help steward resources toward health for all. Finally, whether in America

or Zimbabwe an individual could use the Avatar to learn how personal use of resources affects

10



everybody else. As the interface for this knowledge, the Health Advocate Avatar can help

grow an ethic of responsibility toward ever larger social units beyond the individual.

As individuals, communities and societies become more knowledgeable about their impacts,
the ethical demand to create health at all levels should take precedence over short-term, self-
centered concerns. The Health Advocate Avatar is thus the facilitator for visions long

"9 or “health for

articulated by health leaders. Whether it is “healthy people in a healthy world
all’™® the Health Advocate Avatar can take us much closer to these visions. The Avatar can be
a knowledgeable advocate for evolving and achieving the health potential of individuals and

societies globally over the next 25 years.

% See Institute for Alternative Futures, The Belmont Vision articulated by C. Everett Koop and other U.S.
healthcare leaders (1992) (http://www.altfutures.com/pubs/belmontvision.pdf).
1% See the World Health Organization vision and values at http://www.euro.who.int/aboutwho/20021122 3.
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Section 3: Forecasts & Trends

The Health Advocate Avatar encompasses many different advances that can shatter the status
quo in healthcare. The forecasts that follow describe many capabilities that we foresee which
could be integrated into the Avatar’s offering. The forecasts are arrayed along four timeline
showing important developments through brief narratives and more specific forecasts for the

near term to 2010, mid-term to 2020 and long-term to 2029.

Turning Data into Information, Knowledge and Wisdom

Gene sequencers, protein sequencers, video monitors and a host of other technologies have
flooded biomedical researchers with new data in 2010. Much of the data gets converted into
information about health through high quality studies. More studies become widely available
and easier to access each year. Data from electronic medical records (EMRs—owned by
systems) and personal health records (PHRs—owned by individuals) help fuel this logarithmic
growth of information. The growing databases are converted into health information through
epidemiological studies that incorporate genomic, proteomic and phenotypic biomarkers.
Advances in molecular imaging, biomonitoring, nanobiotechnology, and the many —omic

sciences continue to expand the amount of data available to biomedical researchers.
Short-Term Forecasts: 2005 to 2010
¢ Genetic & Proteomic Analysis: It becomes feasible to determine the entire base

sequences of an individual promptly and cheaply. Proteomics has characterized the

protein folding structures for many of the most important proteins implicated in disease.

12



A large number of diagnostic tests quantify the proteins to create a “phenotype profile”

showing what is going on in the body at a given time."’

In-Silico Simulations: Models and simulations of various cellular, tissue and organ
systems use data from genomics and proteomics to represent known physiology.
Experiments with these simulations identify safety information that informs scientific
development. Electronic Medical Records (EMRs) begin to incorporate personalized
models and simulations that help assess individual risk and contribute to safety studies
in large populations.

Theory of the Brain: A theory of the brain accurately predicts experimental results
showing how the brain works to create many aspects of intelligence.’ Ongoing studies
of the mind also demonstrate to western scientists that eastern meditation techniques
can alter emotional states and enhance mental health.” Studies of both the brain and

mind build a strong case for making mental health the central focus in healthcare.

Scientists working with new tools, such as intelligent agents, are able to quickly organize,

understand, and place into context torrents of new information. The resulting scientific

knowledge spreads beyond the biomedical R&D community as an interested public takes

advantage of the new knowledge tools. Accelerating knowledge creation and exchange

propels systems biology up from understanding cells to characterizing whole organisms.

Models and simulations embed this understanding into a growing infrastructure for studying

risk in both individuals and populations. People monitor biomarkers continuously for changes

in cellular pathways. Systems biology takes thousands of these measurements to assess the

resilience of systems or “host robustness,” which corresponds closely with health potential.

"' |Lee Hartwell (February 28, 2005) Telephone interview.
'2 Jeff Hawkins. (2004). On Intelligence. Henry Holt and Company. New York: New York.
'3 Daniel Goleman. (2003). Destructive Emotions. Bantam Dell. New York: New York.
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Medium-Term Forecasts: 2011 to 2020

Pre-Disease Recognized: The gene control and protein systems are sufficiently
characterized by 2015 to help scientists predict many disease states. These predictions
lead to treatments of “pre-diseases” that can be either modified or prevented through
combinations of drugs.

Pre-clinical Risk Assessment: Pre-clinical studies typically use computer models and
simulations to predict therapeutic response based on knowledge from molecular and
cellular biology. Predictive safety and efficacy studies account for individual variation in
risks. Pre-clinical research supports studies of combinations of compounds. Computer
models also become more important for ongoing safety studies for approved medicines
on the market. Most EMRs include in-silico models that take continuous data from
biomonitors to create ongoing personalized risk assessments that also can be
aggregated for population studies.

Immersive Interactive Environments: Collaborations of global colleagues are
equipped with individualized “immersive interactive environments.” (IIE’s are multi-
media platforms with advanced user interfaces) Using these tools scientists explore,
assimilate, model, simulate, predict, and gain understanding to formulate hypotheses for

experimentation.™

The knowledge revolution passed the tipping point when scientific exchanges reached such a

high velocity that researchers find each morning that collective knowledge advanced while they

slept. Biomedical researchers have created a working knowledge of biology that comprehends

most of the changes in the body, much of the brain and creates new ideas about the human

mind. The knowledge of mental states is closely linked to the human health potential of

individuals and communities. Risk assessment tools help individuals, families, communities,

nations and global alliances predict health status.

" Mark Williams. (February 11, 2005) IAF 2029 Meeting.
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Long-Term Forecasts: 2021 to 2029

Prognostic System Emerges: Systems biology has developed a new nomenclature for
health potential. Clinicians use this predictive system rather than diagnoses to explain
the prospects for illness and death to patients. Risk statements are based upon
cellular, tissue and organ system measurements along with behavioral assessments
and environmental monitors. The frontier of systems biology has shifted from disease
to health and from studies of individuals and populations to learning about communities
and ecosystems. Both individual and collective health outcomes are predicted with
some accuracy in 2029.

Global Health Record: Electronic Medical Records (managed by organizations) and
Personal Health Records (managed by individuals) from around the world are merged
by an international consortium into a Global Health Record. The vast array of available
genomic and phenotypic data helps characterize the diversity of populations and
supports surveillance for new health threats that emerge.

The Virtual Brain Project: The Virtual Brain Project is working on the only human

organ yet to be well characterized through models and simulations.
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The Union Between East and West

Global conferences, torrents of email across time zones and a burgeoning global traffic in

ideas brings East and West closer together in scientific understanding in 2010. China, India,

Japan, Korea and Singapore produce a growing number of Asian scientists who are in senior

positions across many disciplines in the “hard sciences.” Europe and the U.S. have a growing

number of scientists in the “soft sciences” who explore Asian health concepts and health

improvement methods. For example, studies of cardiovascular rhythms initiated in the brain

lead researchers to investigate how older understanding of energy forces such as chi energy

also explain physiological phenomenon. New research strategies combine knowledge from

East and West so that science validates many ancient beliefs.

Short-Term Forecasts: 2005 to 2010

West Adopts Eastern Practices: Eastern philosophies and practices continue to be
adopted by a growing number of Western educated citizens through Yoga, Tai Chi,
various martial arts and healing traditions. This phenomenon opens more Western
scientists to Eastern views and the dialogue between Eastern and Western scientists
continues to grow.

Focus on Health: Health becomes a growing focus. Western research budgets include
more studies on host variation (e.g., genetic differentiation) and understanding optimally
healthy people such as athletes, long-lived elders and people with stronger immune
responses.

East Grows Western Science Base: Eastern science makes a strong in-road into
Western medicine. The number of scientists, and the scientific capability in Asian
countries, especially Japan, South Korea, China, and India, continues to grow. Asian
labs take the lead in stem cell research. The Eastern worldviews coming to biomedical

R&D fosters research into subtle effects, chaos theory and the body’s energy fields.
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Constant exchanges of ideas between East and West create a remarkably fertile decade from

2010 to 2020. Systems level knowledge thrusts up from the cellular, organ and organism
levels to explain the dynamics of community health and evolution of ecosystems. Just as
remarkably, the ability to manipulate molecules and model cellular pathways creates powerful
interventions to address pre-disease states of risk and decisively prevent many diseases. The
dynamic interplay between new knowledge of the very small and very large creates a growing

demand for biological theories to make sense of it all.

Medium-Term Forecasts: 2011 to 2020

e Western Culture Shift: Western culture moves markedly away from its historical
emphasis on the individual, toward community and a collective consciousness. Eastern
culture moves away from its traditional emphasis of cultural harmony toward a growing
fascination with individual expression and accomplishment. A growing number of Asian
Nobel Laureates achieve “rock star” status.

e Research on Healthy Death: The rising number of Baby Boomer deaths in America
feeds a new interest in studies that focus on the experience of death. Interest in the
spiritual dimensions of health visibly rises in both the East and West.

¢ Young Asian Scientists: The increasingly large number of educated youth in Asia
creates a great drive to excel in science and technology. Asian scientists take
leadership in nanotechnology, stem cell research and bioinformatics. The drive toward
understanding the smallest units of nature carries with it a growing interest in

empowering the individual with technology throughout Asian societies.

A new evolutionary theory unites the more reductionist sciences with systems biology.'®> The

decade fosters a new paradigm of biomedical research that integrates ethics and science to

' Denis Noble. (2002). Computational Biology. Encyclopedia of Life Sciences. London: Nature Publishing Group,
pp. 6-7. Available online: http://www.els.net.
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shape new hypotheses and experimentation. New methods of research include new branches

of statistics that evolve from large-scale adoption of Bayesian methods used to direct data
streams flowing from billions of individuals around the planet. Biomedical research over the
decade to 2029 achieves advances in theory no less significant than the shift from Newtonian

physics to Quantum physics.
Long-Term Forecasts: 2021 to 2029
e Unifying Theory of Biology: The fusion of reductionism, systems biology, and Eastern

philosophies with advanced modeling and simulation capabilities achieves a new

unifying theory of biology.
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Moving Beyond Boundaries

Blurring boundaries between disciplines, institutions and geographies accelerates learning.
Ideas get rapidly exchanged and enlarged by globally networked scientists. Corporations
become intertwined with joint ventures and licensing agreements. Many scientists now have
more loyalty to their project partners than to the company paying their salaries. The speed of
exchange makes the old boundary between basic, translational and applied research fuzzier,
until it disappears altogether. The remarkable success against malaria, using open source
research, propels the formation of dedicated networks that challenge old institution-based
approaches. Companies spend more externally to work within networks in order to keep up
with innovations that are coming faster and from more diverse locations outside their

organizational boundaries.

Short-Term Forecasts: 2005 to 2010

e Merging Organizations: Large scale research projects in biomedicine bring together
industry, academia, NGOs and government to create faster transfers “from bench to
bedside.” Successful consortia make the headlines in genomics, proteomics and
nanomedicine.

e Embrace of Open Source: Developing countries embrace open source research.
Universities around the world link-up students and professors in open source networks.
Self-organizing networks create instantaneous peer review and rapid dissemination for
seminal ideas. Open source research into neglected diseases includes a major
success against malaria, which encourages more scientists to try to replicate the

approach in a host of research areas.
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e Patient/Provider Dyad:'® Healthcare delivery research incorporates new understanding

of the patient interactions with healthcare providers in order to better predict outcomes.
Healthcare delivery is understood in a new dynamic in which the patient and the
provider are viewed as an integral unit. This “dyad” of patient and provider is a well

characterized factor in achieving health gains.

Any new idea, product or service for improving health engages scientists and citizens in
continuous risk assessment. The most advanced societies and enlightened communities look
at risk in a global context. Risk studies link individuals and communities worldwide.
Sometimes studies impose the artificial boundaries of controlled clinical trials, but generally
research takes advantage of multiple study designs. Scientists work vast data flows with an
array of analytic tools. Typically clinical trials are short-lived and generally superseded by
other research approaches including continually monitored observational studies. Most
patients and “pre-patients” (people at risk for illness) are experimenting actively with
combinations of medicines, foods, behaviors and environments. These experiments are
typically observed by hundreds of scientists looking at data, generating and testing hypotheses
on a continuing basis. Most scientists are themselves research subjects in many experiments

as well.

Medium-Term Forecasts: 2011 to 2020

e Grid Communities: Researchers who gather online in grid communities collaborate
around audacious goals and share research data and ideas for new experiments.

Linkages between grids grow quickly across all boundaries.

' Dr. Michael Murphy provided the original insight for this forecast during the IAF 2029 Project Meeting, saying
“the fundamental unit of interest, even in an experimental setting, becomes the physician-patient unit, not just the
patient. You are generating data that becomes actionable information and the leverage point is the interaction
between the patient and the physician. The issues in the future, therefore, are not just technological, but they are
psycho-social.”
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e Distributed Research Projects: Open source research is the most common method

for drug discovery and development. Virtual pharmaceutical companies then take these
drug compounds through research phases that are transparent and overseen by
networks of scientists, clinicians and patient activists. Patients enroll directly into
research studies via the web and become active and knowing participants in clinical
research. Health records become the basis for continuous study of drugs in the
marketplace with large-scale data exchanges for constant monitoring of safety and
efficacy.

 Social Unit Health:' The Patient/Provider Dyad expands to include teams of providers,
family and community. Each social unit is recognized as a contributor to health.

Dysfunctional relationships within and between social units are recognized risk factors.

By 2029, institutional and professional barriers begin to weaken and in some cases disappear.
Complete connectivity helps researchers and active patients collaborate jointly from anywhere
in the world, which reinforces the interest in a global ethic. Institutions become less important
as open source research connects scientists from across the world in important projects.
Advances in natural language processing and expert systems enable lay people to comfortably
access biomedical knowledge whenever the interest arises. Individuals can participate fully in

their health decisions confident that they have the knowledge that they need.

" Dr. Wayne Jonas provided the insight for this forecast at the IAF 2029 Project Meeting , saying: “l would like to
expand the dyad of the healthcare team to include their family or community, nurse, and alternative health
practitioners.”
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Long-Term Forecasts: 2021 to 2029

New Global IP Rules: The balance between rewarding innovation and encouraging
diffusion is re-engineered. The faster rate of innovation produced by global networks
using open source agreements encourages an ethical commitment to expand access
quickly so that the whole world, including the poor, benefit from biomedical R&D.

N of 1 Clinical Trials: Personalized medicine evolves into tens of millions of human
trials where each patient develops combinations of therapies to address his or her

unique risk profile. Knowledge of what works is rapidly and universally shared.

24






Shift from Disease to Health Potential

Regulatory approval and market success for the first major “prevention combo” spurs scientists
to seek similar approaches for other diseases.® Regulators accept that a suite of proteins
measured with an approved diagnostic provides a valid surrogate marker for prevention
studies. New studies show that suites of biomarkers can predict risk of multiple diseases.
Diagnostics come flooding onto the market to help personalize risk measures, showing finely
tuned individual responses to therapeutics and preventives. People who are interested in their
health stay alert to their biological signals which provide continuous assessment and feedback

to help them achieve their potential for physical and psychological well being.
Short-Term Forecasts: 2005 to 2010

e Sub-Categories for Disease: Better diagnostic tools help differentiate between people
in disease groups, leading to a wide range of sub-categories for disease. People in
these sub-groups link up in global learning cooperatives that support ongoing research
into ever more granular risk assessments.

o Disease Management Expands: Disease management programs improve through
research into behavior change (smoking, nutrition, rest, exercise and meditation).
These programs evolve into health management programs that are effective at both
preventing disease and achieving measurable health gains.

e New Biomarkers & Rx Combos: New biomarkers create the opportunity to prevent
heart disease as well as other leading causes of morbidity and mortality through

combinations of low-dose therapeutics.

'® Anthony Rodgers. (28 June 2003). A Cure of Cardiovascular Disease? British Medical Journal, 326: 1407-1408.
Available online: http://bmj.bmjjournals.com/cgi/content/full/326/7404/1407.
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By 2020, the research question has become “what are the main avenues for communities and

countries to help families and individuals achieve their greatest health potential?” Many
communities boost their health status by erecting walls against social pathologies and
environmental degradations known to hurt health. A number of pioneering communities find
they can improve their health status far more by partnering with disadvantaged communities.
The more inclusive the ethic of health grows, the more people are positively affected. This
finding is consistent with studies from neuroscience showing that compassion, joy and good

health are highly correlated.
Medium-Term Forecasts: 2011 to 2020

e 24/7 Risk Monitoring: Wearable biomonitors that can transmit and store data are
widely used to monitor risks and conduct research. Many people rely on the rapid
feedback from biomarkers that detect the risk of health perturbations.

e Community Health Grows: Research illuminates the pathways through which the brain
and mind interact with the body and the social environment.” With better
understanding of the emotional and cognitive landscape that people live in, the ability to
create healthy communities grows. Many communities focus on the development of
compassion, collaboration and learning that demonstrably improves the health within
and around the community.?°

¢ Prevention Combos: Cadres of scientists race to discover new ways to predict and
prevent disease using combinations of low-dose therapeutics as well as behavioral and

alternative medical practices that focus on the mind along with the body.

' R. Stein. (1 May 2005). “Study Links Discrimination, Black’s Health—Stress From Persistent, Subtle Slights
May Increase Heart Disease Risk in Women,” The Washington Post, A17. See also Robert M. Sapolsky. (1998).
Why Zebras Don’t Get Ulcers: An updated Guide to Stress, Stress-Related Diseases, and Coping. New York:
W.H. Freeman and Company, pp. 37-52.

%% Daniel Goleman. (2003), Destructive Emotions—How Can We Overcome Them? Bantam Dell. New York: New
York.
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By 2029, people understand that their health status depends less on avoiding the diseases of

yesteryear and more on the many systems factors that diminish health potential. The
measurement of health potential goes beyond individual measures to include indicators for
families, communities, different societies and global health. Finely calibrated measures of risk
help focus attention on both new knowledge and new stressors. Research proves cultural and
social dynamics are significant stressors. New pathogens are closely monitored and factored

through environmental simulations that predict mutations and transgenic problems.
Long-Term Forecasts: 2021 to 2029
e Healthy Communities Shape Global Health: Developing healthy lifestyles becomes a
community activity. These healthy communities create a global health agenda to lift up

the least healthy in order to improve the health potential of the wealthy as well as the

poor. Both science and ethics support this agenda.
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Section 4: Biomedical Research and Development Advances

Futurists use forecasts to describe future conditions that could emerge from current events and
capabilities. The forecasts described above are a progression of possibilities that can be
anticipated in the present using the lens of a preferred future. IAF gathered the views of many
scientists from the literature and from interviews to identify what they believe is the probable
future. This section of the report presents the highlights from that research while pointing to
important ways in which the Health Advocate Avatar can make the probable future evolve into

the preferred future.

When IAF gathered experts to imagine what could emerge from current capabilities, they
envisioned the Health Advocate Avatar. They could see the need for a platform to develop the
potential for biomedical research and development (R&D) to ethically serve global health. As
you review |AF’s scan of a 2029 future for biomedical research, you may see other promising
patterns and possibilities. The Health Advocate Avatar is just one powerful idea that could
transform the future of global health. You may find others in this assessment of capabilities
and opportunities. We organized our learning in this comprehensive scan into these areas:

e Using Knowledge Technologies to Transform Healthcare

e Developing Knowledge of Health and Disease

e Developing an Infrastructure for Personalizing Risk

e Looking at Potential Breakthroughs
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Using Knowledge Technologies to Transform Healthcare

Al that makes inferences based on the contingent acceptance of factsis in
commercial development. The mathematical basis for it already exists. The challenge is
that we have a collection of trillions of alleged facts. To make progress a critical next
step is to identify authoritative sources to identify those that are credible. Only from
such facts can one create a sound basis for any kind of automated reasoning.

Lucian Russell, Ph.D.
Enterprise Architect, Computer Sciences Corporation

Biomedicine and biology are in the midst of a revolution. The convergences of information
technology with advances in molecular biology have created a surging flood of data.
Computer systems are needed to analyze and manage data, improve user interfaces, and
create detailed models and simulations. Advances in data management tools are turning raw
data into accessible information for biomedical researchers. The challenge is assembling
massive amounts of information into the right context, which turns information into

knowledge.?’

User interface advances will democratize biomedical knowledge allowing researchers to
collaborate across disciplines, organizations and the globe. Better user interfaces will also
enable patients to actively be part of this process. The union of biomedical researchers across
disciplines with informed patients will bring wisdom into the healthcare system by uniting the

needs and goals of both researchers and patients in an ethical framework.
Computing Power
Bioinformatics is benefiting from the exponential increase in power and reduction in cost of

computing power. Biomedical research tasks that could only be done on a supercomputer

decades ago can now be done in the lab on a personal computer. In the next few years, these

2! Mark Williams, (February 8, 2005) Telephone interview.
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personal computers will have the speed and accurate algorithms to analyze the large amount

of data generated by genomics and related sciences.

Computer chips have migrated into a wide variety of consumer products. Combined with
advances in microelectromechanical systems (MEMS), such as sensors and actuators, there
will soon be everyday devices able to monitor physical health. These self-contained
biomonitors will be able to give us a greater understanding of environmental impacts on health.
Improvements in the cost and performance of information storage as well as wireless

networking technology have also increased dramatically and will help enable biomonitoring.??

Over the next few years grid computing will increase the computing power available for
biomedical research projects by distributing tasks among computers over a network. Grid
computing allows large numbers of different computers in geographically dispersed locations
to combine their processing and storage capacities so that a user essentially sees a single,
enormously powerful virtual computer. Grid computing allows everyday people to contribute to
the research process by donating computing time on their personal computers. IBM has
started the World Community Grid project to network thousands of computers for biomedical
research. The first project is the Human Proteome Folding Project that seeks to identify all the
proteins in the human body and their functions. The computer grid will be used to compute
how new genes fold into proteins and then match those shapes against a three-dimensional
protein database, looking for similarities that provide clues about what specific genes do in the
body.

2 National Science Foundation. (2002). Chapter 8: The Significance of Information Technology. Science and
Engineering Indicators. Accessed online at http://www.nsf.gov/sbe/srs/seind02/c8/c8s1.htm#top
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As a biomedical researcher in 2029 what might knowledge technology allow
me to do?¢ Advances in individualization, speech recognition, and haptics
provide me with an immersive interactive environment that gives me ready
access to relevant pieces of captured knowledge (multimedia, not just text)
and it connects me, via sight and sound to similarly equipped colleagues. We
can collaboratively explore, assimilate, model, simulate, predict, and gain
understanding of the changing knowledge landscape. We can plan and
shape the focus of joint investigations, we can even formulate and test
hypothesis.

Distributed information architectures, knowledge representation, and
symantec interoperability enabled by ontologies will effectively manage vast
amounts of information that is produced and published by organizations and
individuals. We'll worry about the policy issues: who has access and how much
it costs to get access. Enhanced computational power, enabled by such
technologies as grid computing and cellular computing, will transform subsets
of information into more meaningful and useful forms. Al and intelligent agent
technologies will aggregate and assimilate pieces of knowledge and collect
information relevant to my specific interests and current work.

Developments like these and technologies for knowledge collection,
knowledge management, access and exploitation will facilitate our ultimate
goal of collective cognition. An educated consumer/patient will also have
access to this technology.

Mark Williams, Ph.D.
Chief Technology Officer, Eastport Analytics

The climb from information to knowledge is happening. | was in the camp of
people trying to drink from a fire hose for the last six or seven years, and the
omics is still pushing information out the fire hose. With every information flow
vector people first get flooded, but then they figure out how to organize the
information. They pick their spot and get their head around it. The tools are
maturing to enable us to get access to the people who get their heads around
the information.

Harold Schmitz, Ph.D.
Director of Science and External Research
Mars, Inc.
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Data Management Tools

Large scale data collection techniques are shifting molecular biology from a small highly skilled
industry with close ties to academic research into a larger scale industrial operation. This shift
is driving exponential growth in the amount of data being generated. Examples of the data
explosion include data from systematic DNA sequencing of a growing variety of organisms;
micro-array gene expression data from the simultaneous measurement of the expression
levels of tens of thousands of genes; 3D data on both small molecular structures and large
macromolecular structures (proteins, RNA, DNA); and data for modeling and visualizing

biological pathways (metabolic, signaling, genetic control).

Data mining will become more important as the amount of data available on the web
increases. The surface web, the web pages we are most familiar with, are primarily collected
by search engines “crawling” across hyperlinks. A large amount of research data is hidden

from these search engines in the “deep” web”®

since they are only accessible by direct query
and posted as dynamic web pages. It is estimated that the information resources in the deep
web are over 500 times larger than those in the surface web. In the decade ahead, database
architectures and information retrieval systems will make data in the deep web available to

researchers and patients.

Proactive patients are using the internet to access information about health and using that
information to make better decisions. The Consumer’s Union has already opened a Best Buy
Drugs website to help patients choose the most cost-effective beta-blockers, anti-depressants,
and statins.>* Over the next few years, natural language processing combined with large
databases of scientific peer-reviewed journals will go beyond online websites to democratize

scientific knowledge and provide better assessments of risk. Patients will be able to access

% This information has also been called the “invisible” web. We use the term deep web because the data is not
invisible, merely hard to find.
?* For more information see: http://www.crbestbuydrugs.org
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the latest scientific research through online libraries cheaply and easily, making them more

informed and better able to choose their healthcare. This new audience for scientific journals

will demand scientifically rigorous and understandable assessments of risk that they can

personalize.

The semantic web is feasible and likely o emerge but how long will the
knowledge be right?2 Medicine is about to go through a period when
conclusions are going to be found to be wrong at a faster rate. Conclusions
made from one situation will not apply to other situations. Regulatory
systems make it slower. It takes 20 years to move new knowledge to the
point that it changes the practice of medicine....The healthcare community
is not ready for the amount of empowerment that the web is about to give
the consumer. When | think about what | can find in the primary literature
and on WebMD, | can see both good and bad in what the consumer can
do with information. Either way it is a significant revolution. There are not
significant market forces driving quality in healthcare. That is going to
change. Even now | can find reports on the Internet that let me compare
how many procedures have been done at Mayo and at the Cleveland
Clinic. When | can see practice data | will be making decisions. Doctors will
still be relevant for the human component, but if they cannot accept
consumer empowerment they may be pushed aside.

Martin L. Ferguson, PhD
Founder and Senior Vice President
Ardais Corporation

Natural language processing helps computers “understand” human languages. Computers

that are better able to “understand” human queries are better able to manage and present

information in a context that leads to knowledge. Natural language processing is proving

extremely valuable in biomedical research where large electronically accessible bodies of text

are today’s main repositories of new knowledge. The MEDLINE database, for example,

contains over six million abstracts of articles going back to 1966. PubMed Central and other

initiatives will increasingly provide access to full articles. Large medical libraries will become
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available online as Stanford, Harvard, the University of Michigan, Oxford, and the New York

Public Library work with Google Inc. to digitize millions of volumes in their collections. New

tools for searching and analyzing these large bodies of text are accelerating research progress

and democratizing access to biomedical information.

Ontologies work well for data integration when used in a single discipline for
capturing concepts expressed as nouns, but work less well across disciplines
when there is a conflict in terminology. They are also ineffective when concepts
are expressed by verbs. The new direction is to use both nouns and verbs, and
the new technology is called automated question answering. It is where natural
language processing will next be applied on the web. However, inside
companies there is a lot of gold to mine using Ontologies. The risk, however, is
that each organization will make its own Ontology. The result would be to
formalize quasi-independent cultures with their own world views, reflected in the
different nomenclatures. The benefit, however, is realized by allowing this to
occur as the first of two steps. Reviewing these as a collection will reveal where
functional groups have different priorities, organizational views, and focus on
levels of! process. It will also reveal where there are missing pieces. The second
step is to identify the concepts that are common throughout an organization
and to publish them. By doing this, and insisting on their use, the great strength
of Ontologies is realized: the company can make visible its way of working and
leverage the strengths of its component parts to make a stronger whole.

Lucian Russell, Ph.D.
Enterprise Architect, Computer Sciences Corporation

Artificial intelligence (Al), in the form of expert systems, has proven disappointing, primarily

because these systems are ‘brittle’: they cover only narrow domains of knowledge and lack

key aspects of ‘common sense.” As knowledge gained from research is increasingly reported

directly as structured formats that facilitate computational analysis, Al combined with

ontologies® will become a powerful tool in data mining for patterns of significance within large

 Ontologies are exhaustive and rigorous conceptual maps of concepts and their relationships within a domain of

knowledge.
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bodies of data. A current example of making knowledge available in machine readable

formats is the sequence information in GenBank.

By mining and correlating information from the literature in multiple disparate fields, Al systems
may be able to generate hypotheses and propose experiments that otherwise would not be
developed. Mikhail Blagosklonny has argued, for example, that all the information necessary
to understand the feedback control of the p53 chromosome function was available in

MEDLINE ten years before it was finally explicated.?

As more knowledge from research is placed directly into machine readable formats,
opportunities will expand for “automated learning” in which Al systems generate hypotheses
and, where possible, test them against appropriate data. As a result, the basic approach to
research in biomedicine will begin to shift. In the past, the field was dominated by the
conventional scientific approach in which researchers formulate hypotheses, devise and
conduct experiments to test the hypotheses, and evaluate the results. In the emerging
approach, vast amounts of data are collected and stored. This data is then mined by
computers for new hypotheses, and researchers choose the most interesting hypotheses to

test using other data, experiments, or simulations.

Over the next few years, intelligent agent technology will enable biomedical researchers and
patients to focus less on manipulating data for information and more on placing that
information in context to create knowledge. They will be able to gather and sort, filter and
connect relevant information. Intelligent agents will do much of the “finding the dots” as well as
“connecting the dots” so that biomedical researchers and patients can focus on understanding
what they mean.?” In doing so they help biomedical researchers and patients move from data

to wisdom.

% Mikhail V. Biagosklonny and Arthur B. Pardee. (2002). Conceptual Biology: Unearthing the Gems. Nature, 416:
373.
2" Mark Williams. (February 8, 2005). Telephone interview.
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These knowledge tools will be available to develop the Health Advocate Avatar. Al systems

will be able to sift through vast amounts of biomedical data to highlight and analyze data that is
important to specific patients. Better biomonitors, biomarkers and genomic information will
enable the Health Advocate Avatar to apply that data to the patient’s unique circumstances.
This kind of tailored healthcare is likely to be much more efficacious and cost-effective than

current treatments.

The knowledge problem will need a new infrastructure for learning with tools
that support a purity of thought that we've not had before. The internal
infrastructure for science is geared toward getting data and putting it
somewhere. Now with ontologies we find that people who ask the right
question can get to the data, but many people cannot get to the right
question. With the right question the knowledge is there for people who get to
the fundamental issues involved.

Sheryl Torr-Brown, Ph.D.
Director of Knowledge Management
Pfizer Global Research and Development

User Interfaces

User interfaces for computers will become progressively more user-friendly and intuitive.
These interfaces will make it easier for researchers to access and use the latest information to
create scientific knowledge. Advances in individualization, speech recognition, and haptics will
provide an immersive interactive environment for computer researchers. Retrieving and
interpreting captured knowledge (including multimedia) will be easy and intuitive and it will be
easy to connect with similarly equipped colleagues from around the world. This will allow

biomedical researchers to shape joint investigations and even formulate and test hypothesis
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online. Combined with advances in knowledge management and acquisition, the biomedical

researcher will be able to collaborate on increasingly complex and sophisticated problems.?®

Over the next few years, grid communities, where biomedical researchers meet online to
exchange ideas, knowledge, and research findings, will become important ways for biomedical
researchers to increase their reputation in their professional fields and update knowledge and
skills. Grid communities will become more valuable as user interfaces make interacting and
collaborating online easier. Over the next ten to twenty years, grid communities will be
transformed into virtual bazaars where biomedical researchers from around the globe

specializing in different disciplines can conduct research.

In the long-term, researchers and patients will have access to “immersive interactive
environments.”?® Advances in individualization, speech recognition, and haptics will provide
researchers and patients with an immersive interactive environment that gives them ready
access to relevant pieces of captured knowledge (multimedia, not just text) and connects
them, via sight and sound to similarly equipped colleagues in grid communities. They can
collaboratively explore, assimilate, model, simulate, predict, and gain understanding of the
changing knowledge landscape. They can also plan and shape the focus of joint

investigations. They can even formulate and test hypotheses.*

These same advances will be available to patients and incorporated into the Health Advocate
Avatar. Patients will be able to join and contribute to research conducted in grid communities
as a partner in the research process. The Avatar will provide patients access to the knowledge
needed to participate in research endeavors. The Avatar’s facilitation should help patients

overcome the linguistic and cultural barriers that now separate researchers from patients. This

8 Mark Williams (February 11, 2005) IAF 2029 Meeting.

» Immersive Interactive Environments (IIEs) are multi-media platforms with advanced interfaces and knowledge
representation tools.

% Op.cit. Mark Williams
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Well before 2029 we can anticipate the emergence of a new view on health that has its roots in

both traditional western and eastern practices, but transcends both. The goal of this new

practice will be to maximize both individual potential and its contribution to collective health.

What Will the “New Ethics” of 2029 Look Like?

The current and future diversity of social, religious and political systems in the world ensures
that all scientific and technological developments will find some place where they can be
developed and exploited. These will in turn confer advantage on that social unit that exploits
them and this in turn will put pressure on other social groups to adopt them. In 2005, there are
still many areas where the dominant virtue-based ethical system inhibits such developments,
for example with stem cell research. Others who are not inhibited will move forward and gain

the economic advantages as well as the health gains in their populations.

The ethical imperative is coming more to the fore in healthcare, business and politics. The
number of committees and working groups set up by international and national organizations
supports this idea that we need a new ethic to deal with increased knowledge and received
wisdom. This new ethical system will focus on the wellbeing of social units against an ever-
increasing global ethical standard. Increases in the economic wellbeing of developing
population centers such as India and China will help fuel this evolution. By 2029, well
established ethical conventions will direct law and economics as never before. With this

alignment, science and technology can fulfill its promise to deliver global health.
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Section 6: Seven Recommendations

IAF has developed the following set of recommendations intended to promote biomedical

R&D, expand the knowledge of health and disease, and improve health for everyone.

1.

Set a goal for U.N. adoption of a minimum global health standard for all. This goal is both

an ethical position and a strategy for global political and economic development.

By 2029 there will be tremendous advances in the capacity to improve health, which will
strengthen economies and elevate the ethical concern for those who do not benefit from
globalization. By boldly proclaiming a goal that symbolizes the concern that wealthy and
powerful people share for the poor and disadvantaged, we invite the evolution of an ethic to
guide globalization. Our research shows scientists have a deep interest in serving
humanity. A clear, compelling goal such as this can incite the creativity and commitment

that is necessary for science to make its greatest contribution to health in the years ahead.

Create personalized risk profiles that integrate the collective understanding of health and
disease in order to improve health for individuals who can contribute their records to build a
knowledge base supporting health for all. Individuals and society should use these profiles
to encourage individual responsibility for health and collective agreements about resource

limits on healthcare.

The knowledge revolution has just begun to show that information technologies can shift
the center of learning from population norms to individual variations from the norm.’®® By
surrounding each individual with fields of personal information and accessing collective

knowledge, healthcare can create scientific risk assessments based on an integrated suite

1% For an example of the different risks individuals may face in taking the same dose of Warfarin, see Rieder, M,

et al. “Effect of VKORC1 Haplotypes on Transcriptional Regulation and Warfarin Dose” (June 2, 2005), The New
England Journal of Medicine.
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of research methods. The resulting personalized risk assessments will provide far better

guidance for individual decision making as well as communal resource allocation. Not
everyone will have the same risks and opportunities. So the ability to address personalized
risk profiles promises large improvements in quality as well as economic savings that are

ethical.

. Initiate a global discussion of ethical positions for intellectual property that inform policies
that foster business models for both innovation and diffusion of technologies contributing to
health.

Innovation typically meets the needs of the wealthy first and later offers access to the poor.
Ethical policies can be engineered for greater speed of diffusion while prompting
innovation. Intellectual property must work so that innovation offers promise to both the
rich and the poor. Successful policies, such as the Hatch-Waxman Act, have demonstrated

that innovation and diffusion can create wins for all. Global policies should do the same.

. Move from healthcare focused on treating disease to knowledgeably promoting health.

As our knowledge and wisdom of health progresses, the greatest gains to be made in
healthcare will be in predicting and preventing disease as a step toward promoting health.
Biomedical research has a large role to play in this shift. Systems biology can bring a new
understanding about signals from biomarkers showing risk of disease. This knowledge
needs to be accompanied by a new understanding of why people choose behaviors that
are healthy. Scientific research must build on success at the molecular and cellular levels
to create knowledge all the way up the holarchy to global health. Lifestyle, mental states

and environment have to be recognized as integral to health.

. Change healthcare regulations to promote information sharing and new methods beyond

traditional clinical trials.
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The coming era of personalized treatment and prevention needs new research methods

that regulations must foster rather than impede. A partnership between research subjects
and the biomedical research community should form around new methods that serve
individual as well as collective interests. Adaptive clinical trials provide one such method
because research subjects are directed toward experimental therapies that are
demonstrating benefit. This approach is preferable to blindly placing subjects in a study
arm that will prove disadvantageous to them if the study succeeds. Other study designs
that take advantage of the growing information infrastructure (e.g., electronic medical
records) should become part of ongoing regulatory reviews. The lead regulatory agencies
should be given budgets to conduct their own R&D that encourages innovation in areas
such as modeling and simulation that can lead to faster, better regulatory decisions over

safety and efficacy.

. Foster an open-source system for health research, including drug discovery.

Treating complex diseases requires more support and communication between biomedical
researchers. An open source system for health research can break down the barriers
between organizations and scientific disciplines to create higher quality drug candidates.
Patients, and their valuable insights, should also be considered partners in open source
research. Both the public and private sectors need to negotiate how intellectual property
policy and business models can better serve public and private interests by taking

advantage of open source science.

. Create a collaboration of stakeholders to pursue the design and development of the Health
Advocate Avatar as a central tool and capacity for integrating the learning about and for
each individual as well as the effective aggregation of individual and environmental

knowledge to understand, explain, forecast and enhance health.
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As this report demonstrates, the early components of the Health Advocate Avatar are available

today. No one has brought together the people and resources needed to integrate capabilities
around this Avatar vision. The Avatar represents an incredible leap beyond existing strategies
to empower patients, transform research and development and promote an ethical system of
healthcare. The Health Advocate Avatar can focus the tremendous potential of biomedical

R&D on the health of the individual and social units up to the highest level of global health.
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Section 7: Conclusion

The future for biomedical research and development promises to contribute more to global
health than we could believe if we only based our view on history. By looking more deeply and
understanding that evolution operates at all levels of life, all the way up through our ethical
systems, we can see a far better future. In 2029, we can imagine a world in which the poorest
person in Africa, Asia or anywhere else knows that science offers the hope for a healthier life.
We can imagine that the wealthiest people in the world also know that the benefits they gain

from scientific innovation will extend worldwide.

Clearly science is bringing us remarkable technologies, from new applications of nanomedicine
to the promise of stem cells. This science can improve the health of billions of people around
the world. There will be new ways of organizing research based on advances in knowledge
technology and open source research. Our knowledge of health and disease will increase
dramatically due to advances in imaging, the —omic sciences, and systems biology. These
advances will fundamentally affect how biomedical research is performed and healthcare is

delivered, creating new ethical agreements about the value of health.

The deeper question is how do we make sure that the full potential of science is unlocked?
Perhaps surprisingly, the key turns out to be the evolution of our ethical positions. Natural
selection will favor those who assure that the knowledge revolution serves the larger
commitment to global health. The economic good that health provides confers advantage to

whole societies.

This advantage can grow if we deploy the Health Advocate Avatar in order to improve
individual and global health in tandem. The challenge to develop this Avatar is an exciting way
to tie the evolution of healthcare, economics and ethics together. The 2029 Project began as

an exploration of many different paths into the future. The Project concludes as a loud call
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back to the present—we’ve found a path that will take us to a surprisingly visionary future. In

2029, we can distribute the benefits of biomedical research more equitably than our current

capabilities and ethics would let us see. That is the ethical path for science.
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Appendix B: The Draper Laboratory Report

Introduction

The Institute for Alternative Futures (IAF) and the Draper Laboratory held a workshop on the 15" of
November 2004 in Cambridge, Massachusetts on the Future of Biomedical R&D in 2029. They
recognized that the future of biomedical R&D is actually small, very small. The session forecast that a
new tool kit of very small technologies is feasible, including micro-systems for drug delivery, micro-
sensors to monitor patients, and micro-trials for drug development. Advances in imaging, biomarkers,
organoids, systems biology, and multi-disciplinary collaboration will also accelerate advances in
biomedical technologies, drug development, and healthcare.

Draper Lab Principal Director Paul Blasche welcomed participants, and expressed his desire to see some
innovative ideas developed during the workshop. IAF President Clem Bezold facilitated the workshop
with help from Jonathan Peck and Craig Bettles. Draper research scientists in the areas of biomedical
engineering, microelectromechanical systems (MEMs), bio-informatics and other technologies shared
their insights on the future. Outside experts from Center for the Integration of Medicine and Innovative
Technology (CIMIT), the Massachusetts Institute of Technology (MIT), Harvard University, and
Massachusetts General Hospital also attended.

Workshop Objectives

The workshop participants were provided with a range of initial “provocative forecasts” developed by
IAF. At the workshop these were explored, critiqued and refined and additional forecasts were added.
Key forecasts were evaluated for their likelihood. Critical steps necessary for the development of the
forecast were also identified.

The discussions considered:

e The general environment for innovation in biomedical technologies.
¢ Business models for future innovations.

e Changes in the regulatory environment for biomedical technology.
e Possible funding sources for future R&D.

Forecasts for 2029

There were six main groups of forecasts discussed during the workshop. The first two forecasts
presented below were developed by Draper research scientists. The last four were developed by the IAF
team for the 2029 project.
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Organoids Developed for Drug R&D

The distinction between in-vivo (living) and non-living systems for the discovery of biological
phenomena, understanding disease processes and discovery of new drug compounds has vanished
by 2029. The systems will be very complex systems of living & non-living systems called organoids.

Parallel thrusts in the development of nanoscale devices and the generation of in vitro biological systems
have merged. Tools for identifying subpopulations on the basis of genetics and environmental exposures
are available and help in targeting for the discovery of new compounds.

Organoids — replicas of human organs or components of them- will be developed and used to test the
toxicity and efficacy of compounds outside the body. These will significantly lower the time and costs
associated with the development of new drugs, particularly by discovering the toxicity of compounds
earlier in the process, leading to drugs being discarded earlier in the process, or developed only for
relevant subpopulations. Most animal testing will be eliminated because organoids will allow a more
complete picture of the compound’s effects on humans. The overall effect will be to drive price and spur
the advance of personalized medicine.

Insights from advancing revolutions in systems biology and bioinformatics enable the replication of
biological systems in the laboratory. Drugs are tested on organoids with the results uploaded into in-
silico models to create a better understanding of the drugs properties. These capabilities accelerate the
understanding of the full life cycle of interactions and effects of new compounds.

Personalized medicine will require tens of millions of human trials focused on the individual
patient (trials with an “N of 1”). This will require major revolutions in our current approach to drug
development and approval. Better models and understanding of why individual subpopulations react
differently to different compounds will require better regulatory and health care information systems to
ensure that this vital information is used properly and that patient privacy is respected.

Ex-vivo tissue models will be an important intermediate step to creating the full fledged organoids
needed for successful “N of 17 trials. In ten years, doctors will be able to perform very small out-patient
biopsies to collect tissue for testing personalized medicines. The biopsies will allow tissue to be
engineered with the patient’s own DNA profile.

To a certain extent, biomedical engineering is experiencing a paradigm shift from the development of
tissue replacements to an in-vitro model for drug discovery. One of the key technological problems is
developing three dimension matrixes of cells for replication. One solution may be the development of
better nano-devices for fields other than medicine that can then be readapted by biomedical engineers to
allow the precise movement of individual cells.

The development of organoids for the research and development of drugs outside of the body is

likely to take between 10 and 15 years. The first applications during that time period would involve
cell death forecasts for compounds. This will allow researchers to better understand the toxicity of
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compounds on a cellular level. In 10 to 15 years, researchers will be able to do comprehensive efficacy
tests on compounds in organoids before clinical trials in humans.

In the next ten years there will be better methods for using stem cells to create differentiated tissue
types. The advances could be in either embryonic or adult stems cells, but the ability to create
differentiated tissue from adult stem cells will be a key breakthrough for creating organoids with the
same genetic pattern as individual patients. The use of animal stem cells to create differentiated tissue
will also be important for using fewer animals in research and development.

The ability to create readouts for individual genomes will also be required. The readout would be a chart
of the patient’s genetic information. The workshop participants estimated that a full individual genomic
readout would be available in five years, but that the computational power and sophistication needed to
create models to understand and effectively use these readouts could take between 15 and 25 years.

Implantable Drug Delivery

Drug discovery and drug delivery are going to be strongly coupled in the future through implantable
drug delivery devices. By 2029, there will be a prototype engineered biological system, operating
inside the body, which senses disease, and then synthesizes and delivers therapeutic compounds in-
situ.

There are currently implantable drug devices with no feedback loops that use advanced materials to
slowly diffuse drugs into the patient’s system. Drug eluting stents and controlled release polymers are
good examples of current drug delivery devices. Currently, there are also MEMs systems with one
feedback loop containing a flow sensor to monitor and adjust the flow of drugs into the body.

Two loop systems with a sensor to monitor and adjust the concentration of drugs into the body

could be viable within 5 to 10 years. Patients and doctors could also adjust their medication through
outside systems. Both one and two loop systems would still be open systems requiring monitoring by
doctors to prevent adverse reactions and adjust dosages.

Three loop systems incorporate a sensor to monitor patient response to the therapy and adjust drug flow
and concentration. These systems could either be completely closed loop where a doctor would not need
to monitor the patient or hybrid systems where a doctor or patient would electronically “authorize” any
changes in drug flow or concentration. These systems will be technologically feasible in 15 to 20 years.

The use of implantable drug delivery systems will be delayed without a more viable business model and
changes in the regulatory structure. Under current regulations, each dosage level and delivery method
must pass separate clinical trials even if the drug being delivered has already been approved. Clinical
trials for implantable drug delivery systems are also extremely expensive since the subjects have to
undergo surgery.
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A viable business model also needs to be developed. Possible new areas to explore are adjustable insulin
MEMs that allow diabetics to monitor their blood sugar levels and add more insulin before meals,
MEMs that deliver a continuous stream of medication for patients with cancer and other chronic
diseases and will allow patients more mobility, anti-inflammatory drugs delivered directly to joints,
generic drug combinations for chronic diseases and for expensive biologics where smaller targeted doses
might be cheaper and more effective than larger less frequent doses.

There are two main technological stumbling blocks to these systems. The first involves the power
supply. Improvements in battery technology will allow smaller MEMs with more functionality. In 25
years there may be biological systems that recharge implantable devices using the body’s own
organic chemistry.

The second stumbling block involves drug stability and volume. The drug must be stable, able to be
preserved for a long period of time, and effective in small doses. Drugs that do not last long or require
large doses are not ideal for a MEMs system. By 2029 many drug companies will develop new drugs,
combinations of generic and non-generic drugs, and drugs that might be safe in small continuous
doses, but toxic at larger doses, specifically for implantable drug delivery systems.

Imaging and Biomarkers

Twenty-five years from now imaging and biomarker advances (libraries in the 1,000s) will expand
the notions of disease to pre-disease and develop new business models. The concept of disease will
shift so that prevention and early stage treatment becomes the new paradigm.

Three quarters of private insurance and two thirds of Medicare is spent on people with five or more
chronic conditions. The expense of patients with multiple chronic diseases will continue to grow as the
population ages. The most effective way to fight these chronic diseases is through prevention.

Using better imaging technologies, such as functional MRI, along with biomarkers will make prevention
the best way to fight chronic disease. Biomedical researchers will compile extensive libraries of pre-
disease states. Advances in imaging and biomarkers will help doctors diagnose pre-disease and help
patients monitor their health.

Improvements in imaging and biomarkers will also help accelerate the forecasts above. Better bio-
markers will make personalized medicine cheaper while advances in imaging will accelerate the
development of computational models.

Miniaturized Research Infrastructure

By 2029, bio-chips and nano-labs will proliferate, allowing research to operate at various scales
from molecular to global. Interconnected sensors communicate through a network that links trillions of
information sources and a large human population, who contribute data directly through bio-monitors in
the form of implants and wearables.
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The development of a miniaturized research infrastructure will improve health by making it easier for
researchers to monitor the effects of the environment (pollution, stress, ect.) on health. It will also allow
for distributed phase four trials where the side effects and safety of drugs can be more effectively
monitored.

e There are two main business models in development for distributed monitoring of health. The
first model focuses on very sick, high risk patients where appropriate, timely intervention can
prevent costly hospital stays and even death. Insurance companies would provide most of the
funding in this model, but since this kind of intervention is very expensive, it becomes very
important to narrow down the patients most likely to benefit. Chronic diseases with a clear path
of progression, such as heart disease, are the likely targets for this kind of intervention.

e The second is consumer focused. In this model, consumers would pay to monitor their own
health and preserve their independence. Elderly patients wanting to preserve their mobility and
independence would be the largest market for this kind of technology.

Some of the main barriers to this forecast are getting the cost of sensors and computation down to the
levels to make widespread deployment economically viable. Decreasing the size and increasing the
stylishness of designs for these devices will also be important for opening up the market.

Evolution of Systems Biology

Biology becomes the preeminent science of the 21* century. Predictive models of biological
processes are reliable for most molecular processes including many key cellular pathways and a number
of key organ systems. By the 2020s there are predictive models for ecological, national, community and
family health, but their reliability is not very high.

The workshop participants agreed this was one of the most difficult forecasts to achieve by 2029.
Building models for complex biological systems will require large advances both the understanding of
systems biology and in-silico biology. The challenges are particularly high for in-silico biology since
biology has many non-linear systems that are difficult to replicate in-silico.

Well developed virtual organs, such as the virtual heart, will be common, but other virtual biological
systems will be rare. It will be possible, but not likely, to have virtual models for cells and proteins in 25
years. Integration of these in-silico systems into a virtual patient able to advance biomedical R&D might
be beyond the 25 year timeframe.

Merger of Disciplines
Education in 2029 integrates brain research into the traditional curriculum, typically offering a

lifelong trajectory of cross disciplinary expeditions undertaken with teams of people who work in
various modes (face-to-face, virtual teams, and in isolation) for different periods.
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The workshop participants agreed there is an ongoing trend for more multi-disciplinary work among the
hard sciences, and that trend is likely to grow stronger over time. Many also agreed that more multi-
disciplinary work between hard scientists and social scientists (as well as ethicists) is also a future trend
and that the exposure of scientists to these studies during graduate school is likely to grow.

However, they disagreed that there would be any merger of disciplines between hard science and the
humanities, especially religious studies. They felt that there were many things that science could learn
about religion, especially meditation, but that there was little that science could learn from religion.
They were extremely skeptical about the value of having religious figures as collaborators in multi-
disciplinary research.
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