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Abstract

NIH-PA Author Manuscript

The term P4 medicine is used to denote an evolving field of medicine that uses systems biology
approaches and information technologies to enhance wellness rather than just treat disease. Its four
components include predictive, preventive, personalized, and participatory medicine. In the
current paper, it is argued that in order to fulfill the promise of P4 medicine, a “fifth P” must be
integrated--the population perspective--into each of the other four components. A population
perspective integrates predictive medicine into the ecologic model of health; applies principles of
population screening to preventive medicine; uses evidence-based practice to personalize
medicine; and grounds participatory medicine on the three core functions of public health:
assessment, policy development, and assurance. Population sciences--including epidemiology;
behavioral, social, and communication sciences; and health economics, implementation science,
and outcomes research--are needed to show the value of P4 medicine. Balanced strategies that
implement both population- and individual-level interventions can best maximize health benefits,
minimize harms, and avoid unnecessary healthcare costs.

Introduction

NIH-PA Author Manuscript

The term P4 medicine was coined by Leroy Hood--founder of the Institute for Systems
Biology in Seattle and a pioneer in systems approaches to biology and medicine--to denote
an emerging model of medicine that focuses on maximizing wellness for each individual,
rather than merely treating disease.1-3 Dr. Hood’s research focuses on the study of molecular
immunology, biotechnology and genomics. His ideas have influenced the modern
development of “personalized medicine” at NIH and beyond.4
Briefly, P4 medicine describes a systems approach that includes predictive, personalized,
preventive, and participatory aspects. This approach extends beyond genomic medicine
because “genes and their products almost never act alone, but in networks with other genes
and proteins and in context of the environment”. 5 P4 medicine proposes to integrate
numerous biologic data points--including longitudinal molecular, cellular and phenotypic
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measurements, as well as individual genome sequences--to better define health or wellness
for each person, to predict disease transitions, and to target medical interventions.3 The
premise is that P4 medicine will lead to powerful new diagnostics and therapeutics for
treatment and prevention, based on each person’s unique biologic characteristics (e.g.,
inherited variation to drug response) and disease processes (e.g., tumor genomic
characteristics). 3
The potential for the emerging knowledge of genomics to improve health has been
anticipated,6 but actual clinical applications have been limited. 7,8 The emergence of fast,
reliable, and more-affordable whole genome sequencing (WGS) is opening the door to
higher-resolution analysis of individual genomes and a more thorough exploration of lessfrequent genetic variants in both common and rare disorders. 9,10 Whole genome analysis
has already produced some successes, such as identifying the cause of an atypical case of
inflammatory bowel disease and uncovering a path for effective treatment. 11 Whole
genome analysis was recently used to study families with severe arterial calcifications;
elucidating the molecular defect in this condition could help in developing interventions. 12
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In addition to whole genome analysis, bench-to-bedside research is already producing
numerous tests based on complex biomarkers for use in disease diagnosis, prognosis, and
prediction of response to therapy. For example, a database developed by CDC to monitor
tests in transition from research to practice has captured more than 300 new tests since
2010. 13 One of the principal tenets of P4 medicine is that stratifying common complex
diseases, such as breast cancer, into subtypes based on biomarkers can lead to the
development of targeted therapeutics. The use of trastuzumab in HER2-positive breast
cancer patients is an example of the effectiveness of this approach,14 although many
questions remain regarding implementation, cost effectiveness, and outcomes. 15
As the clinical application of 21st-century biomedical research, P4 medicine relies more
than ever on detailed knowledge of biologic processes. A systems approach to improving
health and preventing disease will entail interpreting biologic data related to both etiologies
and interventions in a larger context. Systems biology now provides unprecedented
opportunities to study and measure the effects of environmental exposures;16 at the same
time, many approaches to wellness and prevention occur outside the context of clinical
practice. 17
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The potential of P4 medicine can best be realized through a renewed partnership between
medicine and public health. 18-20 In the current paper, the concept of P5 medicine is
introduced as a true integration of a population perspective into all four components of P4
medicine (Table 1). Inherent to P5 medicine is the balance between individual and
population interventions for improving health and the evaluation of their comparative
effectiveness. 21,22 Discussion is presented on how the principles of population sciences and
public health practice influence each of the components of predictive, preventive,
personalized, and participatory medicine.

Predictive Health Should Be Integrated Into the Ecologic Model
“Our vision is that, in the not too distant future, each patient will be surrounded by
a ‘virtual cloud’ of billions of data points that will uniquely define their past
medical history and current health status. Furthermore, it will be possible to mine
the billions of data points from hundreds of millions of individuals to generate
algorithms to help predict the future clinical needs for each patient.” (Hood and
Friend3)
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The concepts of systems biology can be easily incorporated into the ecologic model, in
which health is the product of a person’s underlying biology and his or her environment, as
shaped by family and community and including social, cultural, economic, physical, and
policy factors. 23 A model that integrates determinants of health at multiple levels and across
the life span can improve our ability to predict the occurrence of disease and to devise better
interventions; these include more than new diagnostic markers and targeted drugs and may
include new environmental, educational and policy interventions. Traditional epidemiologic
thinking about determinants of health and disease is also evolving away from a focus on
single causes or “risk factors.” “Systems epidemiology” integrates factors operating at
multiple levels, including inter-relationships among these factors and dynamic feedback
over time.
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Galeo et al. recently illustrated this concept, using obesity as an example. 24 Predictive
factors included endogenous factors, such as genes and gene expression; individual factors,
such as dietary intake, exercise habits, TV-viewing patterns, and income; neighborhood
factors, such as availability of grocery stores, walking environment, and food advertising;
school-related factors, such as availability of sugary beverages and school health education;
industry factors, such as portion-size norms in restaurants and packaged foods; state policies
and regulation of food marketing; national food distribution programs and support for
various agricultural products; and life-course factors, such as history of breastfeeding,
maternal health, and parental obesity. 24
Ultimately, assessing micro- and macro-level factors as determinants of health and disease
requires complex population-based, longitudinal epidemiologic studies. To analyze many
variables and their interactions, large sample sizes will be needed, either from single studies
or, more realistically, prospectively standardized or harmonized data from consortia,
networks, and biobanks. 25-27 Such studies will be costly, involving long periods of followup. In addition, new intensive methods for statistical analysis and modeling of multilevel
data will have to be developed and validated, in order to distinguish true causal signals from
noise (type 1 errors). 28 The same requirements hold for biomarkers and other micro-level
indicators “discovered” within millions of systems analyses.

Preventive Medicine Should Abide by Principles of Population Screening
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“The primary challenge will be to mine and integrate these data in the context of
the dynamics of biological networks and molecular machines and to construct
models of wellness and disease that are both predictive and actionable—and
therefore useful to patients and clinicians. Preventive medicine can become a
reality as the details of disease perturbed molecular networks open the possibility
of using drugs targeted at key nodal points to deter or stop disease progression”
(Hood and Friend3)
In public health, as in medicine, prevention is based on information that is both predictive
and actionable, either before disease occurs or in its early stages. Population screening can
reduce future morbidity and mortality when it identifies an actionable disease or prediseased state in asymptomatic people. A recent issue of “Epidemiologic Reviews” 29
highlighted the evolving scientific foundation for population screening. In an accompanying
editorial titled “Screening under scrutiny,” Robert Fletcher30 notes the intellectual advances
and the real-world challenges of developing evidence-based screening policies that balance
benefits and harms to individuals and populations. Also, Harris31 states: “with a few
exceptions the contribution of screening to improving the health of the public is small, yet it
has become a popular and growing form of prevention. It may be that we are learning that
the magnitude of benefit from screening is less than we hoped, and the harms may be greater
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than we thought”. The challenges of applying evidence-based screening principles will
increase dramatically as many new biomarkers emerge from P4 medicine.
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The ongoing debate about screening for prostate cancer using the prostate-specific antigen
(PSA) vividly illustrates the challenge of balancing benefits and harms from screening and
subsequent interventions.32 After years of widespread PSA testing in practice and expensive
RCCTs both in the U.S. and in Europe, the U.S. Preventive Services Task Force (USPSTF),
an independent multidisciplinary panel that evaluates the evidence around clinical
preventive services, recently made a dramatic recommendation against routine PSA-based
screening for prostate cancer. 33 The recommendation applies to men in the U.S. population
who “do not have symptoms that are highly suspicious for prostate cancer, regardless of age,
race, or family history”.
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Although PSA-based screening detects many cases of asymptomatic prostate cancer,
convincing evidence suggests that most asymptomatic cancers detected by PSA screening
will not progress or are so slow-growing that they will not affect lifespan or cause adverse
health effects. Nevertheless, almost all men with PSA-detected prostate cancer currently
undergo early treatment with surgery, radiation, or other therapy. Treatment often leads to
serious complications, including urinary incontinence, erectile dysfunction, bowel
dysfunction, and even (though rarely) death. 33 In addition, from a population perspective,
there is the societal investment in unnecessary screenings, diagnoses, and treatments, and
expenditure of resources that could be used more wisely.
In P4 medicine, biomarkers emerging from systems biology will need to be evaluated for
their potential benefits and harms at both the individual and population levels. For example,
multiple single-nucleotide-polymorphism (SNP) profiles that have been associated with
increased risk for prostate cancer34 are available commercially in personal genomic tests
sold directly to consumers, without full clinical validation or formal assessments of benefits
and harms, or the involvement of healthcare providers. 35 Their evaluation for clinical
validity and clinical utility should be as rigorous as that of traditional biomarkers.
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The experience with PSA illustrates the difficulty of discouraging the use of a biomarker
that has been widely adopted on the basis of incomplete evidence. The cloud of biomarker
data following an individual in transition from health to disease has a “natural history” and
may contain many “predictors of poor health” that must be understood before it can be
considered actionable. 36 Increasing the number of data points will multiply the instances in
which decisions will need to be made on whether an individual has passed from being
“well” to having a “disease” that requires action. This creates pressure for clinical
intervention along this continuum with the potential for both harms and benefits. Given the
countless numbers of data points and tests that are to come, tests should be prioritized for
validation based on principles of population screening, such as disease burden and the
effectiveness and acceptability of interventions. 37
Evidence-based, population-level approaches to primary and secondary prevention can
complement clinical preventive services. Fielding and Teutsch recently described the ways
that individual- and population-level approaches can be used to improve health and health
care. 38 For example, evidence-based interventions to reduce the burden of type 2 diabetes
include those that improve overall health (e.g., increasing education and income), as well as
those to control overweight and obesity. Interventions related to urban design, school
physical education, diminishing screen time, and workplace programs all stimulate physical
activity. 38 Menu labeling, changes in food portion sizes and increasing the availability of
affordable, fresh produce can stimulate healthy diets. Comparative effectiveness studies can
include population-level interventions along with clinically oriented interventions, such as
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screening patients with hypertension for diabetes and recommending lifestyle and
medication programs.
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Personalized Medicine Needs a Strong Evidence Base for Clinical Practice
“P4 medicine has the potential to catalyze a sharp turnaround in the ever increasing
costs of medical care and, in fact, reduce costs to the point where P4 medicine will
be exported to the developing world” (Hood and Friend3).
An important hypothesis of P4 medicine is that systems-based biomarkers can be used to
stratify complex diseases, such as breast cancer and diabetes, into more homogenous
subtypes for targeted therapies (e.g., for HER2-positive breast cancer) or treatment stratified
according to markers of response (e.g., the field of pharmacogenomics39). Most drugs in use
today have been developed through trials in patients classified into broad, symptoms-based
disease groups (e.g., hypertension, diabetes) rather than into more-refined, pathway-specific
categories, with the implicit assumption that people within these broad groups will have
similar responses to treatments. Thus, clinical trials (especially Phase III trials) generally
require hundreds if not thousands of patients to detect sufficient efficacy and monitor for
side effects.
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Transition from the conventional classification of diseases to stratification using biomarkers
will markedly increase the number of distinct “diseases”. This trend is already clear in the
field of oncology. For example, lymphoma has already been subdivided into many
categories on the basis of histologic patterns and molecular markers, such as receptor status
or the presence of a genetic mutation. 3 More data will come from whole genome analysis
from the U.S. and international collaborations (e.g., the Cancer Genome Atlas, 40 and the
International Consortium of Cancer Genomics41). This could have a direct impact on the
requirements of clinical trials to include a sufficient number of patients in disease
subgroups.
The practice of medicine today is already personalized according to characteristics such as
age, race, and gender, as well as other clinical factors, and is subject to rules of evidence,
especially for coverage and reimbursement. Further personalization based on biologic
pathways adds a substantial layer of complexity. Despite claims that P4 medicine will
reduce healthcare costs, the results could easily be the opposite. 42-44 The use of new
biologic applications with uncertain clinical utility can waste limited healthcare resources if
it diverts resources from effective interventions to minimally effective, ineffective or even
harmful interventions.
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Several efforts over the past few years have attempted to apply principles of evidence-based
medicine to emerging genomic applications (e.g., the Evaluation of Genomic Applications
in Practice and Prevention Initiative (EGAPP45), and this will continue to evolve in the
coming years. How to adapt and apply evidentiary standards for novel “personalized”
applications is a matter of ongoing debate. However, two crucial concepts in a given clinical
scenario remain the same as in other areas of medicine: clinical validity (association
between a biomarker and a clinical phenotype) and clinical utility (improved outcomes and
balance between risks and benefits). 46
The lack of information on the clinical utility for most proposed P4 applications produces an
evidence dilemma and a conundrum for implementation into practice. 47,48 Ideally, RCCTs
should be done and the necessary sample sizes may indeed be smaller, if the trials are based
on validated biomarkers. Unfortunately, there is a recent example of a premature clinical
trial, using molecularly driven signature tests that had not undergone sufficient clinical
validation. 49 Three other molecularly informed trials to predict the impact of chemotherapy
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in lung and breast cancer were suspended in 2011 due to nonreproducible evidence on
validation of molecular signatures.50
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Existing processes for generating and evaluating evidence may be slow, costly, or too
unrepresentative to provide useful evidence to decision makers. Recently, comparative
effectiveness research (CER51) has become more prominent as an approach to finding out
“what works” in health care. As defined by IOM, CER is “the generation and synthesis of
evidence that compares the benefits and harms of alternative methods to prevent, diagnose,
treat, and monitor a clinical condition or to improve the delivery of care51.”
Concerns about effectiveness of health care have promoted interest in CER, culminating in
the recently established Patient Centered Outcomes Research Institute (PCORI52). PCORI
responds to concerns that patients, providers, families, and caregivers do not have the
specific information they need to make choices aligned with their desired health outcomes.
Thus, the concept of personalization is embedded in the PCORI. For example, one of the
tenets of this research includes answers to these questions “Given my personal
characteristics, conditions, and preferences, what should I expect will happen to me?” “What
are my options, and what are the benefits and harms of those options?” 53
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These same questions should apply to P4 medicine. 53 Personalizing health care according to
patient preferences will require incorporating social and behavioral information from the
outset, not just at the end of the process when a new application is ready for clinical use.
Given the large amount of emerging information, it remains to be seen how much evidence
will have to come from comparative RCCTs, observational studies, natural experiments,
adaptive trials, pragmatic trials, evidence synthesis and modeling. 53

Participatory Medicine Calls for a Strong Role for Public Health Science
and Practice
“The challenges in the implementation of P4 medicine are twofold: technical and
societal. Ultimately, we believe that the societal challenges will prove more
difficult to overcome”. (Hood and Friend3)
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Implementation of P4 medicine requires full participation and education of patients,
physicians, and the entire healthcare community. This participatory role has been viewed by
Hood and Friend3 as important in terms of creating the necessary information and
information technology to deal with the exponential growth of data on each individual.
Nevertheless, the population perspective encompasses much more than unidirectional
provider and consumer education about the power of P4 medicine. It also sets the stage for
stakeholder engagement, equity, access, coverage, and choice among alternative approaches.
In the U.S., where healthcare resources are limited and inequitably distributed (e.g., millions
of people have no healthcare coverage), society has a stake in assuring that the national
investment in research leads to tangible health benefits for all and does not worsen existing
health disparities. 54
Glasgow and colleagues54 have recommended that, in addition to the 4 P’s of P4 medicine,
societal investment in research should focus on the “4 W’s”: Who pays?; who benefits?;
who suffers?; and who profits?. The practice of medicine occurs at multiple levels of
intervention including patient-provider dyads, healthcare organizations, families,
communities, and state and federal agencies, all appropriately viewed by the IOM as part of
the “public health system”. 55 With advances in information technology and a strong directto-consumer movement, public health will have an increasing role in collecting populationlevel data; developing policies for both for empowering and protecting consumers; and
assuring that the most-vulnerable segments of the population will have access to and
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benefits from validated P4 medicine applications. These three core public health functions-assessment, policy development, and assurance--were first described by the IOM in 198856
and have been extended to include the applications of genomic medicine. 57-59 The public
health functions provide an important basis for maintaining an appropriate balance between
the forces of “premature translation” (i.e., use of nonvalidated or potentially harmful
genomic information in practice) versus “lost in translation” (i.e., limited access and
disparities for validated technology in population subgroups), 60 as well as addressing issues
of value, cost and cost effectiveness.
Finally, in order to fulfill the promise of P4 medicine, public health sciences are crucial for
evaluating discoveries beyond the traditional bench-to-bedside model. 61 For example,
epidemiologic studies based on large population studies are needed to not only accelerate
discoveries but also characterize promising applications for their potential for prediction,
prevention, and response to treatments. Behavioral, social and communication sciences62
will answer key questions about biologically modulated responses to behavioral
interventions, public acceptance and adherence to interventions, and decision making in
health care.
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Implementation science, 63 health services and policy research, 64 CER, 65 economic
analyses, and regulatory science66 all have a role in evaluating how validated applications
can move into practice and for measuring their effectiveness and cost effectiveness.
Knowledge synthesis, evidence reviews, simulation and economic modeling will facilitate
policy decisions and evidence-based recommendations. 61 Several independent and
multidisciplinary panels have recently made specific recommendations for enhanced public
health research and policies for moving basic science innovations into practice. 61

Conclusion
Although the tenets of P4 medicine—predictive, preventive, personalized and participatory
— refer to individual health, success of the P4 enterprise depends on the integration and
implementation of the population perspective into relevant science, policies and practice
across all four components. Key elements of this approach are the ecologic model of health,
principles of population screening, evidence-based decision making, and public health
policy and practice that ensures the right balance between “premature translation,” leading
to increased healthcare costs and potential for harm, and “lost in translation,” leading to
exacerbation of social, economic and health disparities.
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Table 1

Contributions of the “Population” Perspective to P4 Medicine

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Components of P4
medicine (3)

Population
perspectives

Comments

Predictive

Predicting health
using systems
approaches based on
longitudinal biologic
and phenotypic
information

Ecologic Model of
health

Need to integrate
multilevel
determinants of
health from the
macro to the micro
using a life-course
approach

Preventive

Early disease
detection and
preventive strategies
based on systems
approaches

Principles of
population screening

Need to evaluate the
benefits, harms, costs
and societal
opportunity of
emerging forms of
primary prevention
and early detection
compared to
population
approaches

Personalized

Targeted therapeutics
and diagnostics

Principles of
evidence-based
medicine

Need to evaluate the
benefits, harms and
costs of personalized
interventions, using
formal analytic
frameworks,
compared to existing
treatments, including
opportunity costs

Participatory

Educating patients,
providers and health
systems; building
information systems

Essential public
health functions
(assessment, policy
development and
assurance); role for
population sciences
(implementation
science; healthservices research,
comparative
effectiveness and
regulatory science)

Need to ensure
access and equity,
develop policies,
engage and inform
stakeholders; need to
collect populationlevel information on
implementation
effectiveness, cost
effectiveness and
unintended
consequences
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