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Abstract

Genome sequencing technology provides new and promising tests for clinical practice, including
whole genome sequencing, which measures an individual’s complete DNA sequence, and whole
exome sequencing, which measures the DNA for all genes coding for proteins. These technologies
make it possible to test for multiple genes in a single test, which increases the efficiency of genetic
testing. However, they can also produce large amounts of information that cannot be interpreted or
is of limited clinical utility. This additional information could be distracting for patients and
clinicians, and contribute to unnecessary healthcare costs. The potential for genomic sequencing to
improve care will be context-dependent, varying for different patients and clinical settings. This
Acrticle argues that a disciplined approach is needed, incorporating research to assess when and
how genomic information can improve clinical outcomes, practice guidelines that direct optimal
uses of genomic sequencing, and efforts to limit the production of genomic information unrelated
to the clinical needs of the patient. Without this approach, genomic testing could add to current
unsustainable healthcare costs and prove unaffordable in the long run.

Introduction

Over the past two decades, genome science has offered a growing array of tests that increase
diagnostic accuracy and guide clinical management for an increasing number of disorders.
Conventional genetic tests look for specific mutations that are known to cause a given
condition. More dramatic advances are now available in the forms of whole genome
sequencing (“WGS”) and whole exome sequencing (“WES”).2 Both WGS and WES provide
a comprehensive assessment of genetic variation across the human genome. WGS measures
variation in an individual’s entire DNA, while WES measures variation only in the portions
of the DNA that code for proteins.3 WGS and WES increase efficiency by providing
information about multiple genetic conditions and risks in a single test. However, WGS and
WES also generate unprecedented amounts of information, much of it extraneous to the
clinical encounter or difficult to interpret.4

Genome sequencing tests are poised to enter clinical practice at a challenging time for
healthcare in the United States. Medical costs are rising at unsustainable rates and the
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system is performing poorly. Services are inefficient, of variable quality, and inequitably
distributed.®> The United States spends far more on medical care compared to other
developed countries, yet adoption of evidence-based care is slow and uneven.® At the same
time, overly rapid adoption of new technology leads to both patient harm and wasted
resources.’

Key measures of population health, such as life expectancy and infant mortality, fall far
behind those of other developed countries.® The problem is worse for certain populations
because of profound healthcare disparities in the United States.? Indicating an impending
crisis, costs of the Medicare program began exceeding revenue in 2008; deficits are
projected to increase steadily over the next two decades, leading to the exhaustion of
reserves by 2024.10 The same funding issues are being experienced at the state level, where
the rising expenses of healthcare are reducing funds available for other public
expenditures.11 These rising costs threaten the national economy, and they will only grow as
implementation of the Patient Protection and Affordable Care Act provides access to health
insurance for many millions of Americans who have previously lacked health insurance.1?

Therefore, a critical question for genomics is whether it will add to the problems of the
current United States healthcare system or ameliorate them. This Article argues that the
outcome will be determined in large part by how clinicians and healthcare systems approach
the critical process of developing a standard of care for genomic medicine.

. The Promise

Genetic science has improved the practice of medical genetics by offering systematic
assessment of genes that are known to be associated with particular disorders.13 By
replacing piecemeal testing with a comprehensive assessment of virtually all genes, genome
sequencing can generate more complete results more quickly.14 The same gains may apply
in the rapidly developing field of pharmacogenomics—the use of genetic information to
select the safest and most effective therapy for a particular patient.1® This approach can also
help clinicians to identify genetic causes of rare clinical findings that have eluded
conventional testing.1® Other benefits are also possible, particularly in cancer treatment.1’
Genetic testing already helps to assess an individual’s risk for cancer, and genomic studies
of tumor tissue can provide prognostic information and help guide chemotherapy.18 Recent
studies suggest that a full genomic evaluation of a tumor may enhance these benefits and
potentially identify new therapeutic options for patients.1?

Many of these applications are still under development, and the scope of resulting healthcare
improvements is difficult to estimate. Nevertheless, there are clear indicators that genome
sequencing can generate reduced costs by increasing testing efficiency, and improved
outcomes by improving use of drug therapies and targeted treatment and prevention.20
Among the remaining uncertainties are whether WES—a less expensive approach than
WGS—can provide the information clinicians seek, and whether WGS will yield additional
clinically important information over time. Either approach poses difficult questions about
the interpretation and reporting of sequence data.

Il. The Challenge

Although the comprehensive sweep of genome sequencing is attractive for the reasons
outlined above, it entails daunting challenges in information management, education, and
communication. In addition to addressing the results generated for the clinical situation that
prompted testing—for example, assessment of genes associated with an inherited
susceptibility to cancer—clinicians will need to decide whether or when to pursue other
information that genome sequencing could provide. Such other information can include: (1)
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the potential discovery of a wide range of rare genetic conditions, some treatable and some
not, (2) information about carrier status for many genetic diseases, (3) information of
varying reliability and strength about propensities for drug response and common diseases,
and (4) a large amount of information that is not readily interpretable.?!

While many medical tests and procedures involve the potential for incidental findings—such
as an unexpected mass on a chest x-ray or an unexpected skin abnormality on a physical
examination—the scope of potential findings from genome-scale tests is unprecedented.
WGS and WES can generate information from an estimated 20,000 to 25,000 genes, and if
WGS is used, information about the non-coding regions of the DNA sequence that may or
may not have functional significance is generated as well.22 While only a small number of
genes will produce abnormal results in any given individual, these results could number in
the dozens or even hundreds, depending on how “abnormal” or “reportable” is defined.

For example, the first detailed analysis of a human genome from a healthy adult found over
2.5 million “single nucleotide polymorphisms” (points where the DNA sequence differed
from a reference sequence).2 Many of these variants could represent neutral or benign
changes, but even when focusing on the most clinically relevant genes, the investigative
team identified several gene mutations associated with rare genetic diseases (most indicating
carrier status), sixty-three variants associated with drug response (along with several other
potentially important drug-related variants that had not previously been described), and
genetic changes that could increase the estimated risk for eight of fifty-five common
diseases.24

Another study involving the genomes from nine individuals found an average of 136 genes
per genome with deleterious mutations; in 40% of the genes, deleterious mutations were
homozygous, which led to the expectation that they would have clinical effects.2> All nine
genomes had rare or novel variants that were difficult to interpret. This study also noted a
substantial potential for false positive results—that is, results that erroneously suggested
increased risk.2% Both of the studies described above also noted that insufficient evidence
and errors in existing databases made interpretation difficult.2” The problem is made more
difficult by the rapid pace of genomic research: the implications of specific findings may
change over short periods of time.

In this setting, clinicians and policymakers (including professional societies and other expert
groups charged with developing practice guidelines) face two distinct difficulties. The first
is determining the threshold for disclosure of results from WGS or WES testing. A stringent
approach would report only those findings that are relevant to the purpose of testing—for
example, only those findings relevant to inherited cancer risk. But some argue that the
“extraneous” information yielded by WGS and WES could have substantial clinical or
personal utility; even if it was not sought, it could—and should—Dbe offered to patients.

Johnston and colleagues evaluated, for example, the results of WES in 572 research
participants.28 The analysis focused on thirty-seven genes known to be associated with
inherited risk of cancer.2? A total of 454 variants were found that differed from the reference
sequence; of these, eight were determined to be deleterious based on published literature and
four were found in individuals who did not meet current family history criteria for genetic
testing.30 This example illustrates the potential benefits of genomic screening but also the
substantial analytic effort and threshold choices—including which genes to evaluate—that
are raised by genome sequencing. Efforts are under way to define result categories in order
to facilitate decisionmaking about which results to report.31

The second challenge is determining what kind of information or counseling should be
provided to patients before and after testing. Counseling needs will be highly dependent on
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decisions about what information is disclosed. Current standards of practice call for pre-test
counseling with a particular emphasis on the need to ensure that patients give informed
consent before receiving information about two categories of genomic information: (1) test
results reporting on the presence of an inherited disease for which no treatment is available,
such as Huntington disease, and (2) test results related to detecting a carrier state, which may
indicate a risk of having children with a genetic disorder.32

After testing arises the challenge of how to explain the limitations and ambiguities of
genomic information. Even when findings suggest the presence of a genetic disease, the
implications may be difficult to predict with certainty. For example, analysis of James
Watson’s genome indicated that he is homozygous for a deleterious mutation in the ERCC6
gene.33 This genotype is expected to cause Cockayne syndrome, a genetic condition
associated with short stature, premature aging, and cognitive impairment.34 Yet none these
phenotypic features are evident in Watson, a Nobel Laureate and co-discoverer of DNA
structure.3® The reason for this discrepancy is not known, but it is likely either that the test
failed to detect a normal copy of ERCCG or that modifying factors (genetic or non-genetic)
were present that prevented the usual clinical effect of the Cockayne genotype.36 In fact, the
manifestations of many monogenic diseases can be highly variable,3” so caution is
encouraged in predicting the clinical effects of findings in single genes in asymptomatic
individuals.

Uncertainties are far greater for gene variants associated with common diseases like
diabetes, common cancers, and heart disease.38 The uncertainties are due in part to the
evolving science: information on genetic associations for common disease is still being
accumulated. Little is known about many variants, and errors in assignment of risk are
present in current databases.3? In addition, risk prediction for common diseases is inherently
limited due to the multifactorial nature of these conditions, which are influenced not only by
genetics, but also by lifestyle, childhood environment, and other exposures.*? Even the
genetic component is complex because risk for most common diseases is associated with
changes in many different genes, each associated with very small increments of risk.4!

lll. Genomic Screening?

Although the science is still rapidly evolving, many experts anticipate substantial benefits
from the use of genomic sequencing as a screening tool.#2 These experts emphasize that
identification of previously unsuspected genetic disorders or risk states in healthy
individuals could allow for early initiation of treatment and prevention efforts.#3 In addition
to rare individuals with substantial inherited risk, such as the cancer risks found in a research
study of WES,** genome sequencing would identify many individuals with genetic
susceptibilities to many common diseases. Although the risks identified in this way would
generally be modest— typically no more than twofold above average—some experts believe
that such information could be used to motivate healthy patient behaviors and to inform
clinicians about options for medical screening and early treatment.*®

Genomic screening is further envisioned by some as a component of “precision medicine,”46
a new approach envisioned for healthcare in which a menu of molecular tools would be used
to provide early identification and intervention in disease processes. The science behind this
approach is often referred to as “omics,” capturing the measurement of body proteins
(“proteomics™), other body metabolites (“metabolomics”), and gene expression profiles, in
addition to genome sequencing.?’ The vision of precision medicine adds to optimism about
genomic screening.
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I\V. Perspective of Clinicians and Healthcare Systems

The vision of genomic screening and the potential benefits of precision medicine must be
viewed in the context of healthcare realities. Much of healthcare still fits into a traditional
model of returning a person in ill health to normal function: examples include casting to heal
a broken arm, surgery to repair a hernia, medications to resolve anginal pain or asthma
symptoms, and chemotherapy to eradicate a cancer. Healthcare also involves the co-
management by clinician and patient of chronic diseases, with therapeutic care aimed at
improving function and quality of life and palliative care to reduce pain and suffering for
individuals with terminal illnesses.

At the heart of the genomic screening vision, however, is the concept that health outcomes
can be improved substantially by a shift in focus toward preventive care. Many preventive
measures are now routine parts of medical practice, including many types of cancer
screening, vaccinations, and treatment for conditions such as hypertension and
hypercholesterolemia.# Preventive care has led to substantial benefits: one compelling
example is the virtual absence of several childhood diseases among immunized populations;
another is the greater than 90% drop in cervical cancer rates among women receiving
regular Pap screenings.*® Any interventions with this kind of potential represent an
important gain for the healthcare system.

Unfortunately, preventive care can sometimes harm people. All medical interventions carry
the potential for harm, and there is particular concern about this possibility when
interventions are used in healthy people to avert future disease.>? Several examples illustrate
the problem. Newborn screening for neuroblastoma became possible in the 1980s, and was
embraced in some locations; however, studies comparing outcomes among screened and
unscreened populations revealed no change in disease mortality and identified several
instances of infants harmed by treatment.5 These outcomes were due to limitations in the
identification of risk: Testing missed some infants with serious disease (false negatives) and
found others who had benign forms of the condition (false positives). In a more recent
example, screening for prostate cancer by testing for the prostate-specific antigen (“PSA”)
has become increasingly controversial because of evidence that it performs poorly as a
screening test, leading to many unnecessary and debilitating interventions in healthy men.52
The U.S. Preventive Services Task Force has recently suggested discontinuing this screening
program.3 In other examples, screening has led to adverse labeling, as in the case for
children who experienced morbidities solely as a result of the identification of benign heart
murmurs.>* Even in programs for which benefits are well established, some previously
healthy individuals will experience harm; for example, cholesterol-lowering treatment can
cause myopathy leading to renal failure.>®

These examples underscore a key principle of preventive care: Programs should be based on
strong evidence that the overall improvement in health outcome substantially outweighs the
potential for complications and harm. A cornerstone of effective prevention programs is the
accurate identification of people at risk, for whom prevention efforts are worth the potential
adverse consequences. Critical questions include how accurately screening procedures
identify candidates for further intervention and whether available interventions can prevent
disease safely and effectively. A related concern is opportunity cost. By its nature,
preventive care involves interventions in large groups of healthy people—in some cases,
such as immunizations, the entire population. Healthcare systems must consider which
screening and preventive efforts are worth the cost, given that resources could otherwise be
directed toward other healthcare needs.
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Some genetic tests offer clear benefits in this regard—for example, targeted preventive care
can be offered to women with a high risk of breast and ovarian cancer identified by the
presence of deleterious mutations in the breast cancer susceptibility (“BRCA”) genes—but
most risk identified by genomic screening will be more modest and contingent.>® The hope
is that that identification of risk or early disease will provide opportunities to intervene early,
as the natural history of disease processes is better understood at the molecular level. But
how early and what interventions should be used? For many disorders, the benefits and risks
of early intervention are not yet known. As has been seen with PSA screening, treatment
risks could loom large for those who would never have developed disease or whose disease
would not have progressed. For other interventions, such as promoting a healthy lifestyle,
targeted approaches pose the potential harms of creating stigma and decreasing the incentive
for all to take part.

Even when risk assessment is helpful for targeting prevention, genomics will not always be
the best way to identify people at risk. For example, identifying people in a social network
for group-based interventions might provide a better strategy to enhance smoking cessation,
increase physical activity, or encourage healthy eating. Making wise decisions about
population health strategies will require challenging efforts to assess the relative value of
political measures (such as population-level interventions to improve access to education
and safe neighborhoods), behavioral measures (such as innovative approaches to smoking
cessation or early childhood physical education and nutrition), and medical measures (such
as medical screening and drug treatment for individuals with increased risk for chronic
conditions). In assessing medical measures, much of the knowledge we currently deploy in
healthcare is likely to remain useful in the era of genomics. At the same time, we will need
to continue to evaluate new technologies to determine whether they do or do not provide
new benefits.

These considerations are relevant to the use of WGS or WES because they have important
implications for identification and disclosure of findings that are unrelated to the clinical
question that prompted testing. The pursuit of such additional findings represents a
screening process, in that it seeks risk information unrelated to the patient’s presenting
complaint. The worry for the healthcare system is that comprehensive disclosure of results
from genome sequencing would introduce risk information into the healthcare process that is
distracting and of uncertain value.>” Time that otherwise might be spent discussing the
patient’s concerns or well-established preventive care (such as colon cancer screening)
might instead be used to talk through the implications of gene variants that are associated
with small increases in risk for a variety of diseases. Clinicians might also need to spend
time making sure that genomic tests do not lead to false reassurance—for example,
explaining to a patient that the lack of a BRCA mutation does not mean that she has a lower
than average risk of developing breast cancer. The worry, in other words, is that information
from genome sequencing could distort the use of healthcare resources on a grand scale.

V. Developing a Standard of Care

No practice standard currently exists for genomic medicine. Typically, views concerning the
appropriate use of a new technology evolve as it comes into use. Payers are likely to decline
payment in the absence of definitive data indicating a healthcare benefit. Over time, as
clinicians gain experience and outcome data become available, a practice standard emerges.
Formal practice guidelines are helpful in defining the practice standard, unless conflicting
recommendations emerge from different groups. Payer policies tend to reflect the emerging
consensus.
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The lack of a practice standard for genomic medicine represents an opportunity for
reflection about the role of genomic information in achieving the goals of healthcare. In the
words of John Eisenberg, technology “is rarely inherently good or bad, always or never
useful. The challenge is to evaluate when in the course of an illness it is effective, for whom
it will enhance outcomes, and how it should be implemented or interpreted.”8 At present,
the benefits of WGS and WES are evident in only a few narrowly defined clinical
circumstances: where patients are undergoing a genetic work-up that involves assessment of
multiple different genes, and where a patient’s clinical presentation indicates a genetic
disease that has evaded diagnosis by usual measures. Other potential benefits are still under
investigation, including the value of genomic sequencing of cancers. However, even when
there is a clear benefit, it derives from only a small portion of the genomic information
obtained through sequencing. An urgent question for healthcare systems is to determine how
these benefits can be realized without overwhelming the healthcare system with distracting
information.

A logical approach to managing this risk would be to limit the test results that enter clinical
care, even when the testing process generates a full genomic sequence. Arguably, this
approach is consistent with routine approaches in laboratory medicine that limit reporting to
the specific results that were ordered, even when the testing platform generates additional
data. Whether clinical use of WGS and WES might be linked to research efforts aimed at a
better understanding of genomic information is a separate and important matter. However,
prudent use of healthcare resources calls for limiting the time clinical laboratories spend on
sequence analysis and the time clinicians spend explaining genomic test results. However,
patient preferences represent a potential challenge to this approach.

VI. The Role of Patient Demand

A move toward patient empowerment in healthcare has developed over several decades, and
represents an important effort to improve quality of care and patient satisfaction.>®
Groundbreaking lawsuits filed in the 1980s and 1990s established the right of patients to
refuse care that was recommended or instituted by their physicians.6% The right to refuse
care is now recognized as nearly unlimited.®1 In rare circumstances, treatment may be
imposed as a public health measure (as in treatment of tuberculosis), but a competent adult
is otherwise free to refuse any care.52 Patient empowerment goes beyond the basic right to
refuse care and includes acknowledging the legitimacy of a patient’s access to medical
records and laboratory results, and a patient’s right to choose among the array of options
available to meet her healthcare needs.®3 Engaging patients in their health management and
offering them treatment choices may be an important mechanism to ensure both better care
and lower costs.54 In this context, some experts have suggested that genomics will be a
powerful tool for patient empowerment, enabling patients to take more control of their own
healthcare.5® This view is problematic for two reasons: First, it overestimates the potential
for genomic risk information to generate improved health outcomes, and second, it
erroneously implies that patient empowerment includes the right to demand medical tests
that lack clinical utility.

It is likely that only a small percentage of patients have yet considered whether they would
like to have access to the information generated by sequencing their genome. Yet among
those who have (undoubtedly a biased sample), strong preferences have been expressed for
receiving all possible information from genome sequencing.%6 For example, science writer
Virginia Hughes complains about a paternalistic emphasis on protecting patients from
potentially troubling genomic information (such as gene variants associated with a future
risk of Alzheimer disease). Instead of accommodating patient preferences, “the medical
community has neglected to talk about more pressing logistical problems: (1) How to ask
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people ahead of time what, precisely, they want to know (and don’t want to know), and (2)
How to improve the medical system so doctors can follow through on those wishes.”67

Her unquestioning assumption that the health system should “follow through” on patient
wishes presumes that access to the full array of results is solely a matter of patient
preference.58 This view ignores the opportunity costs to the healthcare system of facilitating
access to genomic information that is not needed for healthcare. It also conflicts with
clinicians’ ethical obligation to use their competence—and the shared medical resources that
they control—to benefit the patient’s health.59 Yet to the extent that such views are
incorporated into practice standards for genomic testing, they could generate legal
obligations for broad disclosure.’®

VII. What Should Guide Practice Standards for Genome-Scale Testing?

Decisions about when new medical technologies are ready for “prime time” involve asking
whether the technology confers benefit and whether it is safe and effective. Often, full
consideration of these issues includes the circumstances under which the technology should
be used and the potential for harm. Most controversies—such as PSA testing,’:
mammography for women under fifty years of age,’2 and spiral computed tomography for
lung cancer screening’3—center around the evidence available and the certainty with which
benefits and harms can be estimated. Practice standards and healthcare payer policies often
involve explicit definitions of the circumstances under which the technology is appropriate.
For example, guidelines of the American Cancer Society specify criteria for the use of
magnetic resonance imaging (“MRI”) for breast cancer screening, indicating that MRI
should be used only for women who are at increased risk—measured by genetic testing,
specific clinical diagnoses, or specific family history.”* Similarly, massage therapy may be
covered by some insurers in some states, but its use is typically limited to a small number of
treatments in the context of an injury, despite the fact that some patients might prefer greater
access.

In the case of genome sequencing, there are clear indicators that testing can assist in certain
difficult diagnostic situations and can be an efficient method for concurrent assessment of
multiple genes in medical genetic work-ups. The indications for the uses of WGS and WES
may grow over time as research reveals new potential uses for genomic information.
However, the large volume of information potentially generated by such testing poses risks
to individuals and the healthcare system. Practice guidelines for the use of WGS and WES
must consider the potential for iatrogenic harm from work-ups spurred by incidental
findings, as well as the potential for false reassurance if the lack of genomic risk information
is misinterpreted as removing risk for common diseases. It is equally important for practice
guidelines to consider the potential impact of WGS and WES on healthcare resources. In the
context of unsustainable increases in the cost of care, there is an urgent need to consider the
cost-effectiveness of new technologies, asking critically whether they improve upon existing
interventions. Clinicians, who are increasingly time-pressured by the array of evidence-
based interventions available to them, are focused on making the most of their time with
patients and need practice guidelines that enable them to do so.”®

Conclusion

Can genomics deliver what the healthcare system urgently needs: gains in health outcome at
reduced cost? This Article suggests that this outcome is possible with disciplined leadership

from genetics professionals and healthcare policymakers. A responsible practice standard for
WGS and WES will limit disclosure of incidental findings. Choices are available within this

approach. Disclosure could be limited to the results relevant to the clinical question for
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which testing was done, or with the patient’s informed consent, analysis could extend to
evaluation of a small set of genes associated with conditions for which well-defined clinical
prevention measures are available, such as genes associated with significant cancer risk.
Despite patients’ arguments for the “right” to their genome sequence, testing done within the
healthcare system should be focused on healthcare needs. Failure to maintain this discipline
opens a path toward wasteful and harmful testing practices that are likely, ultimately, to
result in the rejection of genomic solutions by hard-pressed healthcare systems.
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