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Abstract

Over the past decade, precision medicine (PM) approaches have received
significant investment to create new therapies, learn more about disease
processes, and potentially prevent diseases before they arise. However, in
many ways, PM investments may come at the expense of existing public
health measures that could have a greater impact on population health. As
we tackle burgeoning public health concerns, such as obesity, and chronic
diseases, such as cancer, it is not clear whether PM is aligned with public
health or in conflict with its goals. We summarize the areas of promise
demonstrated by PM, discuss the limitations of each of these areas from a
population health perspective, and discuss how we can approach PM in a
manner that is congruent with the core aims of public health.
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1. INTRODUCTION

Although definitions of precision medicine (PM) vary, it is broadly understood to be the use of
diagnostic tools and treatments targeted to the needs of the individual patient on the basis of
genetic, biomarker, or psychosocial characteristics. In 2015, in his State of the Union Address,
President Barack Obama hailed the virtues of the PM initiative, lauding priorities that included
“delivering the right treatments, at the right time, every time to the right person” (95). There
have been multibillion dollar investments in projects related to PM over the past decade. These
investments inevitably come at the expense of other potential investments, occasioning concern in
the public health community (9, 42). In particular, public health commentators have been skeptical
of the wisdom of prioritizing individualized approaches that focus on diseased individuals rather
than on population-based preventive programs that consider the behavioral, environmental, and
social determinants of health (36).

In this review, we summarize the areas of promise demonstrated by PM, discuss the limitations
of each of these areas from a population health perspective, highlight the potential shortcomings
of the PM approach, and provide a perspective on the potential of PM that could be congruent
with the core aims of public health.

2. DEFINITION AND EVOLUTION OF PRECISION MEDICINE

Personalized medicine is an older term that is often used interchangeably with PM. It secks to
utilize treatments or prevention strategies that are tailored to an individual’s disease process or
symptoms. This perspective emerged as a critique of medical practices characterized as employing
reductionist and oversimplified methods of disease categorization (3, 26). Treatment methods
adopted a one-size-fits-all framework wherein all individuals presenting with some constellation
of symptoms receive a similar treatment. This practice has led to a desire, reasonably enough, for
more precise forms of diagnosis and treatment, whereby more individualized care is available to
patients with particular presentations. In many ways, the management of communicable diseases
has long been consistent with the goals of PM by seeking to identify causative organisms and
creating data repositories to direct specific treatment for infections. Over time, infectious disease
management has also incorporated technology to gain greater knowledge about resistant organisms
and to protect populations (14).

More than a century ago, Sir William Osler described the goals of medicine as being “to wrest
from nature the secrets which have perplexed philosophers in all ages, to track to their sources the
causes of disease, to correlate the vast stores of knowledge, that they may be quickly available for the
prevention and cure of disease—these are our ambitions” (68, p. 281). The accumulation of large
quantities of health data may indeed bring us closer to the aspirations of Sir William Osler. DNA-
sequencing methods, in particular, have contributed to an enormous increase in data availability
that may lead to the prevention and cure of disease. The first human genome sequenced in 2001
cost $95 million. Since that time, costs have fallen with the automation of sequencing technologies,
paralleling Moore’s laws in electronics. The cost of whole exosome sequencing is now less than
$1,000 and has encouraged rapid innovation that looks to harness these outputs to optimize health
care delivery for individuals (29).

PM then seeks to incorporate technology into medicine to create a data ecosystem that can
better identify, and treat, an individual patient’s disease. This approach aims to seamlessly integrate
clinical phenotypes and biological information, from imaging to laboratory tests (including -omics
data) and health records. The rationale is to develop a “new taxonomy of human disease based on
molecular biology” (65, p. 1). The National Research Council Report of 2011 implied that this
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process would enhance the awareness of causes of disease and lead to more accurate diagnosis,
treatment selection, and development of novel therapies (65).

PM has also had implications for the treatment of noncommunicable disease. Notionally, PM
approaches will help inform and improve disease taxonomy, leading to more specificity about the
pathogenesis of complex conditions such as heart disease, cancer, and obesity and a paradigm shift
in potential therapeutic interventions that maximize treatment of disease with minimal adverse
events (21).

To facilitate drug discovery from PM-driven studies, investigators have developed new trial
designs—such as basket or umbrella trials—which have been used in numerous precision oncology
cancer studies (1, 11, 77). Those in the public health community have been concerned about the
generalizability and validity of these outcomes (22). In particular, concern has arisen from PM’s
central focus on genomic advances, given the relatively small impact of genomic factors on overall
health in contrast with behavioral or social factors that are frequently neglected in PM discussions
(44).

With this backdrop, we more fully explore the potential role of PM in diagnosis and treatment
to better consider the potential impact that PM can have on the health of populations.

3. PRECISION MEDICINE: DIAGNOSTIC METHODS

First we consider the impact of PM-led developments in diagnostic methods among individuals
with disease, as well as those considered to be at high risk within the general population.

3.1. Individuals with Disease

Perhaps the clearest utility of PM approaches thus far has emerged from efforts to improve disease
diagnosis with the promise of better treatment. PM approaches may improve the diagnosis of
disease processes for both infectious and chronic diseases.

In certain communicable diseases, such as influenza, Ebola, and human immunodeficiency virus
(HIV), PM approaches may provide a better understanding of the patterns that cause resistant
strains of the disease. This knowledge may help guide physicians to effectively treat resistant
pathogens. There are two uses of whole-genome sequencing in clinical microbiology. First is the
identification of genotypes that can be used to predict phenotypes and direct therapeutic strategies.
Second, genetic testing can have utility for the purposes of surveillance and identification of genetic
relatedness in outbreaks. For example, in a study of extensively drug-resistant tuberculosis (XDR-
TB), investigators from South Africa used targeted and whole-genome sequencing to account for
the geographic distribution of XDR-TB strains (82). Tuberculosis strains were divided into those
attributed to acquired resistance (because of inadequate treatment, poor treatment adherence, or
subtherapeutic drug levels) or those attributed to transmitted resistance. This study showed with
high prevalence that transmitted resistance, and not acquired resistance, was predominant in this
area. Social network analysis identified person-to-person or hospital-based epidemiologic links
for the 30% of study participants who spend substantial amounts of time in community areas such
as churches, bars, and restaurants. Therefore, PM in combination with existing epidemiologic
methods may enhance the disease mapping and guide health policy decisions.

Greater awareness of disease processes could lead to the identification of causes, thereby im-
proving our capacity to treat disease. This view has been most readily apparent in cancer. For
example, in the past, lung cancer was largely divided into its histological subtypes, on the basis
of clinical phenotypes, i.e., non—small cell and small cell lung cancer. Patients with non—small
cell lung cancer had further histological subdivisions; for example, adenocarcinomas are more
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commonly seen among nonsmokers. Molecular testing has permitted further delineation of sub-
types to describe abnormalities on the surface of the cancer cell such as epidermal growth factor
receptor (EGFR) or anaplastic lymphoma kinase (ALK) mutations (69, 88). EGFR mutation tu-
mors are in turn associated with a clinical phenotype. In one study of never smoking Asian women
with adenocarcinoma of the lung, 80% of this group had mutations in EGFR (84). Such distinct
entities within the larger phenotypic or histological group have led to the emergence of specific
targeted therapies. Compared with standard chemotherapeutic agents, targeted therapies such
as erlotinib and gefitinib have been shown to improve progression-free survival in patients with
metastatic non—small cell lung cancer with EGFR mutations (53, 96). Molecular profiling has
also been useful in other subtypes, such as breast and colorectal cancers, in providing prognostic
information and directing treatment strategies (49, 85, 87).

In addition to providing new and more precise classification of disease, genetic sequencing
of tumors can provide prognostic information to guide treatment decisions. For example, in
the case of myelodysplastic syndromes, allogeneic stem cell transplantation (SCT) offers a cure.
However, this strategy comes with a real and human cost. Patients may experience substantial
transplant-related morbidity or mortality. In a recent study, patients had blood samples sequenced
prior to SCT, and those who harbored mutations in the tumor suppressor gene p53 had poor
outcomes irrespective of treatment with SCT (50). In patients with breast cancer, several tools are
available for health providers to analyze and sequence individual tumor biology. This has led to
the development of several prognostic kits, such as Oncotype DX, Mammostrat, and EndoPredict
analyses, which stratify a patient’s risk of future cancer recurrence (8, 16).

Studies on the value of gene-expression profiling tests have produced conflicting evidence.
Systematic reviews reported limited evidence of the clinical utility of these technologies in pre-
dicting the effects of adjuvant chemotherapy for patients with early breast cancer (55). However,
the MINDACT study, an international randomized controlled trial by Cardoso et al., compared
clinical tumor phenotypes, and genetic information identified a large group of patients with early
breast cancer (17). These patients had a theoretical recurrence risk that would not be affected
by adjuvant chemotherapy and were randomized to treatment according to clinical and genomic
risk. A 70-gene signature Mammaprint was used to assess the risk of recurrence at 5 years. The
trial found that use of such genomic technology compared with traditional phenotypic assessment
would reduce the need for chemotherapy in 14% of cases (17). Reducing the need for toxic therapy
decreased individual patient costs and morbidity related to treatment. Such interventions could
reduce the treatment-related burden of disease among individuals with disease in the general
population. Though tools such as these may be validated in a large population, individual risks,
preferences, and decisions need to be reviewed (35).

Developments in imaging, which is considered a part of the armamentarium of PM, have also
improved the diagnosis of disease. Historically, patients who presented with certain symptoms or
had suspected cancers underwent extensive surgeries, which may not provide additional benefit.
Imaging modalities such as positron emission tomography highlight the metabolic activity of
disease and in cases of Hodgkin’s disease may guide the management plan and detect recurrence
of cancer prior to the emergence of symptoms (41, 46).

Imaging is used in different aspects of population-based screening and the diagnosis of breast,
lung, and prostate cancer. The interests of both PM and public health converge on the issue
of population-based precision cancer screening. For example, existing mammography screening
guidelines vary between populations, but recommendations on when to start screening are based
largely on age rather than on breast density or environmental or genetic factors. In recent years,
the adverse events attributed to mammography—such as the rates of overdiagnosis of breast
cancer, which can result in unnecessary, invasive procedures in women (12, 94)—have become a
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growing concern. Studies have highlighted predisposing genetic variants that can be used to create
a polygenic risk score and identify those at high risk of breast cancer (59, 61). The combination of
molecular testing with current approaches would allow providers to tailor screening specifically
for high-risk patients. However, the utility of these methods is uncertain. Additionally, there is no
consensus on how to evaluate the strength of precision screening methods (54). Population-based
precision cancer screening may create different tiers of cancer screening risk, which may also lead
to confusion among the general public and medical practitioners.

PM may also be useful in rare hereditary conditions such that clinical phenotypes may indicate
one condition while molecular or genomic testing may reveal a specific mutation. In these instances
of orphan diseases, options for diagnosis, treatment, and prevention are limited. Examples of this
scenario include Wiskott-Aldrich syndrome and X-linked severe combined immunodeficiency,
which is caused by one mutation (18, 40).

Therefore, PM applied in the diagnosis of disease assumes that molecular or genetic testing
may improve the nosology of these conditions, which may lead to more precise treatment among
those with disease. However, several issues need to be addressed with this point of view.

First, improving the classification of disease is beneficial principally if therapies are available.
In the absence of treatment options, better description of pathogenic processes may yield little
benefit to the patient even if it may benefit other patients in the future. For example, in patients
with Huntington’s disease (HD), genetic testing for this condition has been available since 1993
(79). The decision to test for the mutation is difficult for asymptomatic individuals with a family
history because there are no treatments to prevent or delay HD and, over time, patients are offered
symptomatic and supportive care (79). To improve the treatment of neurological conditions such
as Parkinson’s disease, some advocate for the use of PM methods to classify distinct subtypes, a
blueprint similar to cancer (25). However, so far, this technique has not led to substantial progress
in developing new therapies.

Second, these approaches are, of course, far from cost free. Even if a precise diagnosis leads to
a single genetic or molecular aberration, which can be targeted, the cost and time to development
and clinical use may be significant.

Third, more precise stratification of disease also introduces more financial burden and the
potential for inefficiencies with little or no tangible clinical benefit. The challenge to population
health is that using a disease process to improve individuals’ treatment may have limited utility for
the improvement of overall population health. Creating several molecular classifications of one
disease entity may subsequently fragment the management of these conditions, which may in turn
impose significant strains on existing health services that deliver health care on the basis of organ
systems rather than molecular subtypes.

3.2. High Risk and the General Population

Improvement of population health will require that PM approaches identify high-risk individuals
in the general population, offering some promise of improving chances for disease prevention in
specific groups. PM approaches may hold some benefit for disease identification in this context.
Molecular testing and genetic sequencing can identify persons who are at high risk of developing
a disease. Biomarkers may be more reliable in predicting disease than are clinical markers and may
be useful among individuals with a family history of cancer, heart disease, or sudden death.

By way of illustration, hereditary forms of breast and ovarian cancers have been noted in
certain ethnic groups such as the Ashkenazi Jewish populations, yet a clear predictive marker had
not been described in the past. The association between breast cancer and germline mutations in
the BRCAI and BRCA?2 tumor suppressor genes has allowed investigators to quantify lifetime risk
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of developing cancer. Studies have shown that among women who inherit the BRCA1 mutation,
55-65% will develop breast cancer by the age of 70 years. Forty-five percent of women who inherit
the BRCA2 mutation will develop breast cancer by 70 years of age (6, 20), as compared with 12%
of women in the general population who will develop breast cancer in their lifetime (34). BRCA
mutations and molecular diagnosis of other familial cancer syndromes such as multiple endocrine
neoplasia type 2 have led to treatment options that can reduce one’s risk of developing cancers (38).

Genetic profiling can improve diagnosis among family members and spare unaffected individ-
uals from unnecessary routine surveillance or screening procedures that may be associated with
harm. Patients with a high risk of cardiovascular disease due to familial hyperlipidemia or those with
a family history of cardiac arrhythmias have also harnessed the accuracy of genetic sequencing to
improve diagnosis in high-risk individuals (32, 93). One particular study has highlighted the cost-
effectiveness of cascade testing of relatives of patients with definite and probable familial hyper-
cholesterolemia using a combination of genetic testing for known family mutations and standard
serum low-density lipoprotein (LDL) cholesterol levels when such mutations cannot be found (67).

There remain, however, substantial challenges to the wide-scale applicability of this approach
to the health of populations. First, it is unclear whether individuals who test positive for genetic
predisposition to a condition alter high-risk behaviors or adopt lifestyle changes when they are
identified as part of a high-risk population. Marteau and colleagues found that in an analysis of
341 families with a history of hypercholesterolemia who were randomized to receive risk informa-
tion about the condition with or without genetic confirmation of a familial hypercholesterolemia
mutation, the evidence showed no difference in diet, physical activity, smoking, or medication
use between these groups at six months (57). In cases where individuals were positive for the
FH (fumarate hydratase) mutation, this mutation may lead to reliance on biological interventions
rather than behavioral changes (i.e., low-fat diet or exercise) (58). Genetic risk information may
also create a sense of fatalism among those who are positive for a mutation that increases their risk
for a disease or for addiction (56, 81), which may be due to the belief that these biological risks
are indelible and cannot be changed by behavioral modification. Therefore, even in the presence
of precise information on the underlying cause of disease, instituting preventive policies may not
be feasible on an individual or population level.

Second, there currently remains substantial disparity in access to modern technology and novel
therapeutics, which may be due to the cost of these services to minority groups. Compared with
non-white Hispanic individuals, African Americans are less likely to be covered by private or
employment-based health insurance plans (89). PM will likely widen the gap between those who
can afford such technology and those who do not have insurance to cover additional genetic
sequencing. Several studies have also shown that ethnic minorities express mistrust of genetic
services, which may limit the ability of this approach to manage patients with clinical features of
high-risk disease (7, 71, 89). In addition, even among those in minority groups who can access
genetic services, information within these registries may not be diverse, resulting in an inability to
classify benign processes from pathological variants among minority groups. In 2009, an analysis of
genome-wide association studies revealed that 96% of participants were of European descent (66).
Since this time there has been an effort to include participants from diverse backgrounds within
these studies. As of 2016, 19% of participants were non-European, but only a small proportion
included those with African ancestry (73). The lack of diversity in existing genomic data repositories
may lead to misclassification of disease processes in minority groups, thereby leading to poor
prevention strategies among those with high risk of disease.

Third, PM purports greater accuracy with ever decreasing technology costs, yet it is not clear
whether results derived from PM methods are accurate and sufficiently cost beneficial compared
with existing methods. Using family history as a risk assessment is an inexpensive tool and may
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be purposeful and more accurate compared with genomic screening. This proposal is illustrated
by Heald and colleagues where the concordance of hereditary cancer risk assessment between a
family history-based risk assessment with personal genome screening was assessed in a study of
44 participants (31). They found discordance between family history—based and genome risk assess-
ments for hereditary cancer risks, whereby the genome screening was unable to pick up individuals
at risk of hereditary or highest risk of common cancers. This lack of data creates concern about
the widespread implementation of PM for the diagnosis of high-risk individuals in the population.

Fourth, the general population utility of PM approaches rests in no small part on the predictive
capacity of PM approaches. It is, however, unclear that genetic or molecular approaches will ever
approach such predictive utility within populations with environmental factors that are also causal.
"This notion is supported by a study by Keyes and colleagues, which highlights the limitations of
using germline genetic variants to predict health outcomes in the presence of other genes and
environmental factors (43). By way of illustration, in a study, Belsky and colleagues analyzed how
creating a genetic risk score using single-nucleotide polymorphisms from genome-wide associ-
ation studies (GWAS) related to the developmental and biological characteristics of asthma in
a population-based running cohort (10). They found that those who had a higher genetic risk
developed asthma earlier in life than did those who had a lower genetic risk. Individuals with a
higher genetic risk also had the possibility of developing life-course-persistent asthma symptoms.
There was, however, no overlap in the genetic risk score between individuals with asthma and
those without; half of the healthy individuals had between 14 and 25 asthma risk alleles without
being affected by asthma by 38 years of age, which was the follow-up period at the time of the
study (24). This result illustrates elegantly that genetic risk of asthma at an individual level cannot
be predicted by genetic information alone, which highlights the difficulty in extrapolating data
from such studies to the prevention of disease among individuals and populations (39).

4. PRECISION MEDICINE AND NOVEL THERAPIES

Next we consider the impact of PM-led therapies among individuals with disease and among those
considered to be at high risk within the general population.

4.1. Individuals with Disease

As we have noted, the promise of PM rests in large part on the notion that it can identify novel
therapies that can treat diseases that previously were not treatable. The definition of precision
has changed over time in cancer therapy. The term was initially used to describe the design
of targeted therapy against tumor characteristics defined by organ type. The shift from organ
type to molecular identification has led to the development of therapies such as erlotinib or
gefitinib for lung cancer that overexpresses EGFR mutation, which have offered an alternative to
chemotherapy regimens (52, 83). Another example of a drug developed with rational drug design
has been imatinib, which is used for chronic myeloid leukemia (CML). The predominant cause of
this condition is the Philadelphia chromosome mutation, which leads to hyperactive Breakpoint
cluster region—Abelson (Ber-abl) fusion protein. Imatinib is a tyrosine kinase inhibitor that binds
specifically to the hyperactive protein. Prior to 2001, one-third of patients with CML survived
5 years past their initial diagnosis. Following clinical trials of imatinib in CML, recent studies
showed that the estimated 6-year overall survival rate was 83% (33).

The promise of PM has recently been highlighted by the possibility of directing treatment
programs that are related to data generated about the patient’s individual characteristics and
tumor biology irrespective of the organ from which the cancer originated. For patients expressing
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the BRCA mutation, specific drugs such as olaparib have been approved for use in certain cases
(91). Identifying drugs that specifically target driver mutations on cancer cells, which prolong
survival, has been the central goal of precision oncology. Anecdotal reports indicate that some
patients have had genetic sequencing of their tumors and responded to targeted therapies that
have been found as a result of tumor characteristics (80).

Gene therapy and gene editing techniques specifically use techniques that target the mutated
gene and have evolved to become a therapeutic option for patients with certain rare conditions such
as hemophilia B. In a phase I study investigating gene therapy, affected patients were intravenously
administered cells with an adeno-associated virus serotype 8 (AAVS) vector that infiltrated the
liver and increased levels of the absent clotting factor IX (63). For patients who require frequent
clotting infusions, this approach may be a longstanding solution that reduces costs and medical
complications and may reduce both morbidity and mortality.

In other rare diseases, such as cystic fibrosis, new therapies directed at cystic fibrosis transmem-
brane conductance regulator gene (CFTR), ivacaftor and lumacaftor, have been approved. These
treatments can be used in combination for patients with specific CFTR mutations and have been
shown to improve respiratory function (92).

Challenges to the utility of PM approaches in this manner also abound. First, it is not at all
clear that these approaches yield large-scale utility. Cancer trials designed to specifically test the
use of genetic mutations to direct therapy as defined by PM have not led to benefit for patients
(74). The SHIVA trial assigned patients with metastatic cancer to therapies based on mutations or
treatments selected by their physicians (47). When comparing these groups, the progression-free
survival rate was less than three months in both groups. Additionally, use of progression-free
survival as a surrogate for overall survival may not represent the full impact of therapy on people
with these conditions. Itis also unclear whether drugs such as lumacaftor help improve outcomes in
patients with cystic fibrosis. Because such drug developments affect only a small subset of patients,
overall survival benefits in cystic fibrosis may be due to management guidelines that prioritize
treatment of infections and appropriate nutritional replacement.

Second, although PM approaches develop predictive and prognostic biomarkers in tandem that
can help physicians direct targeted treatment for a patient’s condition or avoid harmful therapies
(70), they may also be used to create new therapies. However, these biomarkers are often difficult
to collect and validate in both the trial and clinical settings (51). These biomarker discoveries will
likely suffer the same fate as that of many existing serological markers, such as tumor markers; there
is a lack of agreement on their utility and validity in diagnosing certain cancers (5). Therefore,
despite the specificity and sensitivity of biomarkers derived from PM, there may be resistance to
the use of these biomarkers in clinical practice owing to a lack of generalizability.

Third, there has been substantial federal and private-sector investment in PM directed at
individuals with disease. For example, the Cancer Moonshot initiative, which aims to provide
patients with therapies, has directed $125 million to develop a cancer immunotherapy center (30).
Such initiatives have been criticized for focusing on one area of therapy with a lack of appreciation
for the heterogeneity of causes of cancer.

Beyond racial differences in drug metabolism or excretion, PM may provide accurate charac-
terization of genetic variations that increase drug-related adverse events (13). The relevance of
pharmacogenomics is seen among common drugs such as clopidogrel in coronary artery disease
(86). More than 100 drugs are listed under a genomic label by the US Food and Drug Ad-
ministration, which recommends genomic assessment prior to use. However, pharmacogenomic
assessments rarely have a functional place in routine clinical care (90).

Among antidepressant drugs, which are commonly prescribed, PM may also provide methods
to categorize genetic variants of drug-metabolizing enzymes into those that are poor metabolizers
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or those that are extensive metabolizers. Certain cardiac toxicities were not dose dependent but
instead were associated with rates of CYPC219 metabolism. To harness PM in the prescription
of antidepressants, the Clinical Pharmacogenetics Implementation Consortium considered an
algorithm based on medical literature, which considers the use of such tests in helping physicians
choose specific antidepressant drugs (62). The study authors do caution against routine genetic
testing because clinical utility and validity remain theoretical.

It is not clear whether using such pharmacogenomics provides a cost-effective option to exist-
ing public health measures. Use of pharmocogenomic biomarkers to direct personalized smoking
cessation programs encouraged proponents of PM. Investigators identified smokers on the basis
of a genetically informed biomarker based on CYP2AG6, and participants were divided into those
who were slow metabolisers of nicotine and those who were normal metabolisers (48). The study
concluded that normal metabolisers should be treated with varenicline to increase smoking ab-
stinence rates and slow metabolisers should be administered the nicotine patch. A cost-effective
analysis was not done as part of the study. These pharmacogenomic biomarkers have identified a
small subset of the population in which these interventions benefit. Studies such as these highlight
the tension between PM and existing public health objectives that cater to a larger proportion of
the population.

4.2. High Risk and the General Population

Utility for PM approaches for the improvement of the population’s health rests on the adaptability
of these approaches to whole populations and ideally to the prevention of disease. There is some
promise in this regard. For example, identification of genetic aberrations associated with familial
cancer syndromes has led to therapeutic options to reduce the risk of cancer development. Among
patients who test positive for multiple endocrine neoplasia 2, a total thyroidectomy is the only
method to prevent medullary thyroid cancer (76). In the case of patients with BRCA mutations,
prophylactic bilateral mastectomy and salpingo-oophorectomy are options to reduce breast and
ovarian cancer risk, respectively. Bilateral prophylactic mastectomy reduces the risk of breast
cancer by at least 95% among women with a deleterious mutation in the BRCA1 or BRCA?2 gene
(23, 60). A noninvasive method of cancer prevention includes regular screening or tamoxifen as
antiestrogen therapy. The latter has shown to be beneficial among women with BRCA2 mutations
specifically and reduced breast cancer risk by 62% (45). Other chemoprevention therapies in
familial cancer syndromes include the use of 600 mg per day of aspirin to reduce the risk of
colorectal cancer in Lynch syndrome carriers (15).

However, these approaches are also limited in multiple ways when applied to whole populations.
First, these cancer risk reduction methods can be used only among the 5-10% of breast cancer
patients who harbor the BRCA mutation (27); therefore, this approach may not help reduce the
risk in the majority of patients. In addition, these interventions affect only a small proportion of the
general population. An estimated 15-20% of cancers worldwide are linked to infectious etiology
(72). Vaccination programs to prevent hepatitis B or human papilloma virus (HPV) have not used
PM methods. The quadrivalent HPV vaccine and cervical cancer screening have been efficacious
and have played a role in reducing cervical cancer incidence (4, 19).

Second, PM approaches and genetic testing may lead to intervention, which could be harmful
to individuals if the underlying tests are not sufficiently verified. A case report highlights the
unintended consequences of PM (2). Following the sudden death of a young patient, which was
attributed to a cardiac cause, family members underwent genetic testing. Results suggested that
a genetic variant was present, indicative of long QT syndrome in family members. The deceased
patient’s brother had an implantable cardiac defibrillator (ICD) inserted as a preventive measure.
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When the family presented for further evaluation, it became evident that the initial evaluation was
inaccurate. The preventive intervention of ICD implantation was an inappropriate and invasive
intervention that caused some harm to an asymptomatic individual. The authors of the report
highlight the importance of using clinical data such as electrocardiograms, which ruled out long
QT syndrome, rather than relying on the results of genetic tests alone to guide management.
This case highlights the need for education of medical professionals in the interpretation of the
genetic test results. PM and its results need to be robust and valid to ensure that any resulting
interventions do not cause harm to the population.

5. INTEGRATING PUBLIC HEALTH AND PRECISION MEDICINE

In this review, we have summarized both the promise and the challenges facing PM approaches
aiming to improve health, on the dimensions of both disease diagnosis and disease treatment.
The ability to measure, store, and share health-related data has reached newfound heights in the
last 20 years. In addition to the abundance of genetic testing tools available, wearable devices
also identify biological data. Smartphones and watches can record social networks and capture
behaviors. Electronic health records provide an overview of health outcomes at various stages of
life. Together these data points may be able to convey health risks in individuals and improve
health outcomes. While these approaches yield some degree of promise at the level of individual
treatment and diagnosis, they are much more problematic when targeted at the population level,
aiming to identify or improve the health of large-scale high-risk persons.

It becomes clear then that efforts to navigate PM from individual characteristics toward main-
taining the health of the general population are still in their early stages of development at best.
The challenge from a population health perspective comes about from the fundamental fissure
that characterizes the competing world views of PM, focused as it is on clinical interventions, and
public health, which is centered on population-wide concerns. There is no question that clinical
care can contribute to well-being at the population level and that the inequitable distribution of
health care services takes a toll that can be measured in terms of morbidity and mortality. But
careful analyses for more than a century have demonstrated that social inequities, poverty, and
racism have profound impacts on suffering and on life expectancy.

Thirty years following the introduction of the National Health Service, the landmark Black
Reportin England released in 1980 concluded that a marked social gradientin health characterized
the British population and social inequalities in health were pervasive (28). Disparities in the United
States are, if anything, starker and have been growing. A report from the National Academy
of Sciences, The Growing Gap in Life Expectancy by Income, found that when viewed from the
perspective of income quantiles those born in 1930 witnessed a gap of 5.1 years in life expectancy
between those at the bottom and those at the top. For males born in 1960, the projected gap had
widened to 12.7 years. The case was similar for women; the gap had widened from 4 years to
13.6 years (64). A 2013 National Research Council/IOM Report, U.S. Health in International
Perspective: Shorter Lives, Poorer Health, uncovered an American disadvantage (37). When compared
with 17 peer nations, the United States had higher rates of adverse birth outcomes, heart disease,
injuries from motor vehicle crashes and violence, sexually acquired diseases, and chronic lung
disease (37). For those who are skeptical of the promises made by advocates for PM, these findings
have made clear thata focus on individual vulnerabilities, the hallmark of PM, will have a tough time
aligning with the core concerns of the public health population, well-being and social inequalities.

On the level of preventive interventions, those whose perspectives are shaped by public health
have equal reason to be skeptical about what PM has to offer. Two pertinent examples illustrate
this issue. Beginning in the 1960s, the devastating impact of cigarette smoking on the lives of
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men and women became the subject of ongoing public health concern. At that time, more than
one-half of men and one-third of women smoked. Over the next decades, in the face of industry
resistance, public health measures were adopted: Cigarette package warning labels that sought first
to inform and then to raise alarm were mandated; taxes were increased to ever higher levels, aiming
to make the purchase of cigarettes ever more burdensome; smoking was prohibited in enclosed
public settings and ultimately in open public spaces; and collective campaigns that sought to
denormalize a formerly common social behavior were launched. The consequence of these efforts
has been a striking reduction in the prevalence of cigarette smoking among US adults to less
than approximately 18%. These results, of course, had nothing to do with the perspective of PM,
and whatever role PM may play in developing targeted nicotine-based therapies is likely to be of
marginal importance.

A second domain where public health measures are bound to play a role that overshadows what
PM may contribute is that posed by obesity. Although there may be a genetic component to this
critical problem, the development of obesity in the past decades cannot be the consequence of
genetic changes over time, but rather a result of the radical modification of the American diet
and the marketing of food products. Which measures will effectively confront pathogenic food
consumption? Which industry regulations will be necessary? What role may taxes play? These
remain open questions. However, from a public health perspective, the clinical focus of PM may
not make a significant contribution.

These challenges have not gone unnoticed by the proponents of PM. A key part of the Precision
Medicine Initiative is a 1-million-person cohort, known as the All of UsS™ Research Program,
which serves to record lifestyle habits, health information, and environmental exposures from a
diverse group of volunteers in the United States (75). The recruitment phase of this project began
in 2017. The goal of this program is to integrate personal health data to deliver precise preventive
care and medical treatment to an individual. Whether these data will indeed yield benefit remains
to be seen.

These limitations also highlight the need for all PM approaches to emphasize the incorporation
of data at multiple levels, including both biological and environmental data that can illuminate
some of the core concerns of public health. A symbiotic relationship between public health and
PM may exist where risks to the individual and the population are identified prior to their onset;
this approach will be possible only with the integration of data across levels of influence and
analytic wisdom in using these data toward better identification of disease risk. Rose highlighted
the paradox of addressing simultaneous preventive measures in the individual and in the general
population (78). PM may address Rose’s prevention paradox by gathering information at the levels
of both the individual and the population. In the future, biological data from individuals can be
analyzed with environmental data to determine the drivers of health and well-being. PM has the
potential to identify accurate biomarkers associated with changes in health states that may help
provide prevention strategies for the individual and the community. Over time, with these rapid,
cost-effective tools, this combined approach may improve population health in the long term
provided that environmental and socioeconomic factors are incorporated. It will also require the
adoption of methods that address the complexity of disease production by extending the typical
tools that have been used predominantly with the end goal of improving the health of populations.

6. CONCLUSION

We cannot ignore the potential that PM holds for medical progress. However, PM has been
disproportionately focused on drug development and strategies for those who have a disease
with an intention to improve outcomes, leaving behind the concerns of whole population health.
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The core public health concern is whether the new enthusiasm for targeted clinical intervention
represents a profound distraction from population-level challenges that demand resources and
sustained scientific attention. It does not necessarily have to be this way. The principles of PM
and efforts to approaching the right health issues in a timely manner can be applied to population
health. Doing so will, however, require a careful view and concerted effort to maintain the needs
of population health at the forefront of all PM discussions and investments.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The authors are grateful to Laura Sampson and Shui Yu for editorial assistance on this manuscript.

LITERATURE CITED

1. Abrams ], Conley B, Mooney M, Zwiebel J, Chen A, et al. 2014. National Cancer Institute’s precision
medicine initiatives for the new National Clinical Trials Network. Az Soc. Clin. Oncol. Educ. Book 2014:71—
76
2. Ackerman JP, Bartos DC, Kapplinger JD, Tester D], Delisle BP, Ackerman M]J. 2016. The promise and
peril of precision medicine: Phenotyping still matters most. Mayo Clin. Proc. 91:1606-16
3. Ahn AC, Tewari M, Poon C-S, Phillips RS. 2006. The limits of reductionism in medicine: Could systems
biology offer an alternative? PLOS Med. 3:¢208
4. Am. Coll. Obstet. Gynecol. 2003. ACOG practice bulletin. Cervical Cytology screening. Int. J. Gynaecol.
Obstet. 83:237-47
5. Am. Soc. Clin. Oncol. 2007. American Society of Clinical Oncology update of recommendations for the
use of tumor markers in breast cancer. 7. Oncol. Pract. 3:336-39
6. Antoniou A, Pharoah PDP, Narod S, Risch HA, Eyfjord JE, etal. 2003. Average risks of breast and ovarian
cancer associated with BRCA1 or BRCA2 mutations detected in case series unselected for family history:
a combined analysis of 22 studies. Am. J. Hum. Genet. 72:1117-30
7. Armstrong K, Micco E, Carney A, Stopfer ], Putt M. 2005. Racial differences in the use of BRCA1/2
testing among women with a family history of breast or ovarian cancer. 74MA 293:1729-36
8. Bartlett JMS, Bloom K]J, Piper T, Lawton TJ, Van De Velde CJH, etal. 2012. Mammostrat as an immuno-
histochemical multigene assay for prediction of early relapse risk in the Tamoxifen Versus Exemestane
Adjuvant Multicenter Trial pathology study. 7. Clin. Oncol. 30:4477-84
9. Bayer R, Galea S. 2015. Public health in the precision-medicine era. N. Engl. 7. Med. 373:499-501
10. Belsky DW, Sears MR, Hancox RJ, Harrington H, Houts R, et al. 2013. Polygenic risk and the develop-
ment and course of asthma: evidence from a 4-decade longitudinal study. Lancet Respir. Med. 1:453-61
11. Biankin AV, Piantadosi S, Hollingsworth SJ. 2015. Patient-centric trials for therapeutic development in
precision oncology. Nature 526:361-70
12. Biller-Andorno N, Jiini P. 2014. Abolishing mammography screening programs? A view from the Swiss
Medical Board. N. Engl. 7. Med. 370:1965-67
13. Bonham VL, Callier SL, Royal CD. 2016. Will precision medicine move us beyond race? N. Engl. 7. Med.
374:2003-5
14. Brownstein JS, Freifeld CC, Chan EH, Keller M, Sonricker AL, et al. 2010. Information technology and
global surveillance of cases of 2009 HINT influenza. N. Engl. 7. Med. 362:1731-35
15. Burn], Gerdes AM, Macrae F, Mecklin JP, Moeslein G, etal. 2011. Long-term effect of aspirin on cancer
risk in carriers of hereditary colorectal cancer: an analysis from the CAPP2 randomised controlled trial.
Lancer 378:2081-87

Ramaswami o Bayer o Galea



16.

17.
18.
19.
20.
21.
22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.
43.

44

Buus R, Sestak I, Kronenwett R, Denkert C, Dubsky P, et al. 2016. Comparison of EndoPredict and
EPclin with oncotype DX recurrence score for prediction of risk of distant recurrence after endocrine
therapy. 7. Natl. Cancer Inst. 108:djw149

Cardoso F, van’t Veer L], Bogaerts ], Slaets L, Viale G, etal. 2016. 70-gene signature as an aid to treatment
decisions in early-stage breast cancer. N. Engl. 7. Med. 375:717-29

Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F, Yvon E, et al. 2000. Gene therapy of
human severe combined immunodeficiency (SCID)-X1 disease. Science 288:669-72

Chatterjee A. 2014. The next generation of HPV vaccines: nonavalent vaccine V503 on the horizon.
Expert Rev. Vaccines 13:1279-90

Chen S, Parmigiani G. 2007. Meta-analysis of BRCA1 and BRCA2 penetrance. 7. Clin. Oncol. 25:1329-33
Collins FS, Varmus H. 2015. A new initiative on precision medicine. N. Engl. 7. Med. 372:793-95
Coote JH, Joyner MJ. 2015. Is precision medicine the route to a healthy world? Lancer 385:1617
Domchek SM, Friebel TM, Singer CF, Evans G, Lynch HT, et al. 2010. Association of risk-reducing
surgery in BRCAI or BRCA2 mutation carriers with cancer risk and mortality. 7AMA 304:967-75

Ege MJ, von Mutis E. 2013. Can genes forecast asthma risk? Lancet Respir. Med. 1:425-26

Espay AJ, Brundin P, Lang AE. 2017. Precision medicine for disease modification in Parkinson disease.
Naut. Rev. Neurol. 13:119-26

Federoff HJ, Gostin LO. 2009. Evolving from reductionism to holism: Is there a future for systems
medicine? 7AMA 302:994-96

Goldberg JI, Borgen PI. 2006. Breast cancer susceptibility testing: past, present and future. Expert Rev.
Anticancer Therapy 6:1205-14

Gray AM. 1982. Inequalities in health. The Black Report: a summary and comment. Inz. 7. Health Serv.
12:349-80

Hayden EC. 2014. Technology: the $1,000 genome. Nazure 507:294-95

Hayden EC. 2016. Cancer moonshots raise concerns. Nature 532:432-33

Heald B, Edelman E, Eng C. 2012. Prospective comparison of family medical history with personal
genome screening for risk assessment of common cancers. Eur. 7. Hum. Genet. 20:547-51

Hobbs HH, Brown MS, Goldstein JL. 1992. Molecular genetics of the LDL receptor gene in familial
hypercholesterolemia. Husm. Mutat. 1:445-66

Hochhaus A, O’Brien SG, Guilhot F, Druker BJ, Branford S, et al. 2009. Six-year follow-up of patients
receiving imatinib for the first-line treatment of chronic myeloid leukemia. Leukermia 23:1054-61
Howlader N, Noone AM, Krapcho M, Garshell J, Miller D, et al., eds. 2014. SEER cancer statistics review,
1975-2011. April, Natl. Cancer Inst., Bethesda, MD. https://seer.cancer.gov/archive/csr/1975_2011/
Hudis CA, Dickler M. 2016. Increasing precision in adjuvant therapy for breast cancer. N. Engl. 7. Med.
375:790-91

Inst. Med. 1988. The Future of Public Health. Washington, DC: Natl. Acad. Press

Inst. Med., Natl. Res. Counc. 2013. U.S. Health in International Perspective: Shorter Lives, Poorer Health,
ed. SH Woolf, L Aron. Washington, DC: Natl. Acad. Press

Jameson JL, Longo DL. 2015. Precision medicine—personalized, problematic, and promising. N. Engl.
7 Med. 372:2229-34

Janssens AC, Gwinn M, Bradley LA, Oostra BA, van Duijn CM, Khoury MJ. 2008. A critical appraisal
of the scientific basis of commercial genomic profiles used to assess health risks and personalize health
interventions. Am. 7. Hum. Genet. 82:593-99

Jin'Y, Mazza C, Christie JR, Giliani S, Fiorini M, et al. 2004. Mutations of the Wiskott-Aldrich Syndrome
Protein (WASP): hotspots, effect on transcription, and translation and phenotype/genotype correlation.
Blood 104:4010-19

Johnson P, Federico M, Kirkwood A, Fossi A, Berkahn L, et al. 2016. Adapted treatment guided by
interim PET-CT scan in advanced Hodgkin’s lymphoma. N. Engl. 7. Med. 374:2419-29

Joyner MJ, Paneth N. 2015. Seven questions for personalized medicine. 74MA 314:999-1000

Keyes KM, Davey Smith G, Koenen KC, Galea S. 2015. The mathematical limits of genetic prediction
for complex chronic disease. 7. Epidemiol. Community Health 69:574-79

Khoury MJ, Galea S. 2016. Will precision medicine improve population health? 74MA 316:1357-58

www.annualreviews.org o Precision Medicine

165


https://seer.cancer.gov/archive/csr/1975_2011/

166

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

King M-C, Wieand S, Hale K, Lee M, Walsh T, et al. 2001. Tamoxifen and breast cancer incidence
among women with inherited mutations in BRCAI and BRCA2: National Surgical Adjuvant Breast and
Bowel Project (NSABP-P1) Breast Cancer Prevention Trial. 7AMA 286:2251-56

Kostakoglu L, Evens AM. 2014. FDG-PET imaging for Hodgkin lymphoma: current use and future
applications. Clin. Adv. Hematol. Oncol. 12:20-35

Le Tourneau C, Delord J-P, Gongalves A, Gavoille C, Dubot C, et al. 2015. Molecularly targeted ther-
apy based on tumour molecular profiling versus conventional therapy for advanced cancer (SHIVA): a
multicentre, open-label, proof-of-concept, randomised, controlled phase 2 trial. Lancer Oncol. 16:1324-34
Lerman C, Schnoll RA, Hawk LW ]Jr., Cinciripini P, George TP, et al. 2015. Use of the nicotine
metabolite ratio as a genetically informed biomarker of response to nicotine patch or varenicline for
smoking cessation: a randomised, double-blind placebo-controlled trial. Lancet Respir. Med. 3:131-38
Lievre A, Bachet J-B, Le Corre D, Boige V, Landi B, et al. 2006. KRAS mutation status is predictive of
response to cetuximab therapy in colorectal cancer. Cancer Res. 66:3992-95

Lindsley RC, Saber W, Mar BG, Redd R, Wang T, et al. 2017. Prognostic mutations in myelodysplastic
syndrome after stem-cell transplantation. N. Engl. 7. Med. 376:536-47

Lyman GH, Moses HL. 2016. Biomarker tests for molecularly targeted therapies—the key to unlocking
precision medicine. N. Engl. 7. Med. 375:4—6

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, et al. 2004. Activating mutations in the
epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib.
N. Engl. 7. Med. 350:2129-39

Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, et al. 2010. Gefitinib or chemotherapy for
non-small-cell lung cancer with mutated EGFR. N. Engl. 7. Med. 362:2380-88

Marcus PM, Pashayan N, Church TR, Doria-Rose VP, Gould MK, etal. 2016. Population-based precision
cancer screening: a symposium on evidence, epidemiology, and next steps. Cancer Epidemiol. Biomarkers
Prev. 25:1449-55

Marrone M, Stewart A, Dotson WD. 2015. Clinical utility of gene-expression profiling in women with
early breast cancer: an overview of systematic reviews. Genet. Med. 17:519-32

Marteau TM, Lerman C. 2001. Genetic risk and behavioural change. BM7 332:1056-59

Marteau TM, Senior V, Humphries SE, Bobrow M, Cranston T, et al. 2004. Psychological impact of
genetic testing for familial hypercholesterolemia within a previously aware population: a randomised
controlled trial. Am. 7. Med. Genet. A 128:285-93

Marteau TM, Weinman J. 2006. Self-regulation and the behavioural response to DNA risk information:
a theoretical analysis and framework for future research. Soc. Sci. Med. 62:1360-68

Mavaddat N, Pharoah PDP, Michailidou K, Tyrer J, Brook MN; et al. 2015. Prediction of breast cancer
risk based on profiling with common genetic variants. 7. Natl. Cancer Inst. 107:djv036

Meijers-Heijboer H, van Geel B, van Putten WL], Henzen-Logmans SC, Seynaeve C, et al. 2001. Breast
cancer after prophylactic bilateral mastectomy in women with a BRCAI or BRCA2 mutation. N. Engl. 7.
Med. 345:159-64

Michailidou K, Beesley J, Lindstrom S, Canisius S, Dennis ], etal. 2015. Genome-wide association analysis
of more than 120,000 individuals identifies 15 new susceptibility loci for breast cancer. Nat. Genet. 47:373—
80

Nassan M, Nicholson WT, Elliott MA, Rohrer Vitek CR, Black JL, Frye MA. 2016. Pharmacokinetic
pharmacogenetic prescribing guidelines for antidepressants: a template for psychiatric precision medicine.
Mayo Clin. Proc. 91:897-907

Nathwani AC, Reiss UM, Tuddenham EGD, Rosales C, Chowdary P, et al. 2014. Long-term safety and
efficacy of factor IX gene therapy in hemophilia. N. Engl. 7. Med. 371:1994-2004

Natl. Acad. Sci. Eng. Med. 2015. The Growing Gap in Life Expectancy by Income: Implications for Federal
Programs and Policy Responses. Washington, DC: Natl. Acad. Press

Natl. Res. Counc. 2011. Toward Precision Medicine: Building a Knowledge Network for Biomedical Research
and a New Taxonomy of Disease. Washington, DC: Natl. Acad. Press

Need AC, Goldstein DB. 2009. Next generation disparities in human genomics: concerns and remedies.
Trends Genet. 25:489-94

Ramaswami o Bayer o Galea



67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

Nherera L, Marks D, Minhas R, Thorogood M, Humphries SE. 2011. Probabilistic cost-effectiveness
analysis of cascade screening for familial hypercholesterolaemia using alternative diagnostic and identifi-
cation strategies. Heart 97:1175-81

Osler W. 1902. Aequanimitas: With Other Addresses to Medical Students, Nurses and Practitioners of Medicine—
Chawvinism in Medicine. London: HK Lewis

Paez ]G, Jinne PA, Lee JC, Tracy S, Greulich H, etal. 2004. EGFR mutations in lung cancer: correlation
with clinical response to gefitinib therapy. Science 304:1497-500

Parkinson DR, Johnson BE, Sledge GW. 2012. Making personalized cancer medicine a reality: challenges
and opportunities in the development of biomarkers and companion diagnostics. Clin. Cancer Res. 18:619—
24

Peters N, Rose A, Armstrong K. 2004. The association between race and attitudes about predictive genetic
testing. Cancer Epidemiol. Biomark. Prev. 13:361-65

Plummer M, de Martel C, Vignat J, Ferlay ], Bray F, Franceschi S. 2016. Global burden of cancers
attributable to infections in 2012: a synthetic analysis. Lancet Glob. Health 4:¢609-16

Popejoy AB, Fullerton SM. 2016. Genomics is failing on diversity. Nature 538:161-64

Prasad V, Fojo T, Brada M. 2016. Precision oncology: origins, optimism, and potential. Lancet Oncol.
17:e81-86

Precis. Med. Initiat. (PMI) Work Group. 2015. The Precision Medicine Initiative Cobort Program—DBuilding
a Research Foundation for 21st Century Medicine. Bethesda, MD: Natl. Inst. Health. https://acd.od.nih.gov/
documents/reports/DRAFT-PMI-WG-Report-9-11-2015-508.pdf

Raue F, Frank-Raue K, Grauer A. 1994. Multiple endocrine neoplasia type 2. Clinical features and screen-
ing. Endocrinol. Metab. Clin. North Am. 23:137-56

Redig AJ, Jinne PA. 2015. Basket trials and the evolution of clinical trial design in an era of genomic
medicine. 7. Clin. Oncol. 33:975-77

Rose G. 2001. Sick individuals and sick populations. Int. 7. Epidemiol. 30:427-32

Ross CA, Tabrizi SJ. 2011. Huntington’s disease: from molecular pathogenesis to clinical treatment.
Lancet Neurol. 10:83-98

Rubin R. 2015. Precision medicine: the future or simply politics? 74MA 313:1089-91

Senior V, Marteau TM, Peters TJ. 1999. Will genetic testing for predisposition for disease result in fatal-
ism? A quantitative study of parents responses to neonatal screening for familial hypercholesterolaemia.
Soc. Sci. Med. 48:1857-60

Shah NS, Auld SC, BrustJC, Mathema B, Ismail N, etal. 2017. Transmission of extensively drug-resistant
tuberculosis in South Africa. N. Engl. 7. Med. 376:243-53

Shepherd FA, Rodrigues Pereira J, Ciuleanu T, Tan EH, Hirsh V, et al. 2005. Erlotinib in previously
treated non-small-cell lung cancer. N. Engl. 7. Med. 353:123-32

Sholl LM, Yeap BY, Iafrate AJ, Holmes-Tisch AJ, Chou YP, et al. 2009. Lung adenocarcinoma with
EGFR amplification has distinct clinicopathologic and molecular features in never-smokers. Cancer Res.
69:8341-48

Shou J, Massarweh S, Osborne CK, Wakeling AE, Ali S, et al. 2004. Mechanisms of tamoxifen resistance:
increased estrogen receptor-HER2/neu cross-talk in ER/HER2—positive breast cancer. 7. Natl. Cancer
Inst. 96:926-35

Simon T, Verstuyft C, Mary-Krause M, Quteineh L, Drouet M, et al. 2009. Genetic determinants of
response to clopidogrel and cardiovascular events. N. Engl. 7. Med. 360:363-75

Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, et al. 2011. Adjuvant trastuzumab in
HER2-positive breast cancer. N. Engl. 7. Med. 365:1273-83

Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, et al. 2007. Identification of the transforming
EML4-ALK fusion gene in non-small-cell lung cancer. Nature 448:561-66

Suther S, Kiros G-E. 2009. Barriers to the use of genetic testing: a study of racial and ethnic disparities.
Genet. Med. 11:655-62

Topol EJ. 2014. Individualized medicine from prewomb to tomb. Ce/l 157:241-53

Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW, etal. 2010. Oral poly(ADP-ribose) polymerase
inhibitor olaparib in patients with BRCAI or BRCA2 mutations and advanced breast cancer: a proof-of-
concept trial. Lancet 376:235-44

www.annualreviews.org o Precision Medicine

167


https://acd.od.nih.gov/documents/reports/DRAFT-PMI-WG-Report-9-11-2015-508.pdf
https://acd.od.nih.gov/documents/reports/DRAFT-PMI-WG-Report-9-11-2015-508.pdf

168

92.

93.

94.

95.

96.

Wainwright CE, Elborn JS, Ramsey BW, Marigowda G, Huang X, et al. 2015. Lumacaftor—ivacaftor in
patients with cystic fibrosis homozygous for Phe508del CFTR. N. Engl. J. Med. 373:220-31

Wang Q, Curran ME, Splawski I, Burn T, Millholland ], et al. 1996. Positional cloning of a novel
potassium channel gene: KVLQT1 mutations cause cardiac arrhythmias. Nat. Genet. 12:17-23

Welch HG, Prorok PC, O’Malley AJ, Kramer BS. 2016. Breast-cancer tumor size, overdiagnosis, and
mammography screening effectiveness. N. Engl. 7. Med. 375:1438-47

White House. 2016. The Precision Medicine Initiative. March 12, Archived Obama White House,
Washington, DC. https://obamawhitehouse.archives.gov/node/333101

Zhou C, Wu YL, Chen G, Feng ], Liu XQ, et al. 2011. Erlotinib versus chemotherapy as first-line
treatment for patients with advanced EGFR mutation-positive non-small-cell lung cancer (OPTIMAL,
CTONG-0802): a multicentre, open-label, randomised, phase 3 study. Lancer Oncol. 12:735-42

Ramaswami o Bayer o Galea


https://obamawhitehouse.archives.gov/node/333101

