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The central idea of early disease detection and treatment is essentially simple. However, the path to its successful
achievement (on the one hand, bringing to treatment those with previously undetected disease, and, on the other,
avoiding harm to those persons not in need of treatment) is far from simple, though sometimes it may appear deceptively
easy. - Wilson and Jungner, Principles and Practice of Screening for Disease [1]

Introduction programs in healthy adults. This group identified the
various aspects of implementation that need to be
considered when developing a large-scale, targeted
sequencing program. Evidence indicates that 1 to 2
percent of the overall US population has a pathogenic
variant putting them at a substantially elevated risk of
a serious yet preventable disease [2,3]. There are well-

In 2017, the Genomics and Population Health Ac-
tion Collaborative (GPHAC), an ad hoc activity of the
Roundtable on Genomics and Precision Health of the
National Academies of Sciences, Engineering, and
Medicine, formed the Population Screening working
group (PSWG), focused on genomics-based screening
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established health interventions for individuals identi-
fied to have a pathogenic variant through a personal
and/or family history of such conditions (high-risk
populations). As a result, there is an opportunity to
use screening to identify these otherwise healthy indi-
viduals and consider implementing such interventions,
thereby reducing the risk of undesirable outcomes
caused by missed diagnoses. However, there are also
important issues for the field to address as these pro-
grams develop, including feasibility of screening, po-
tential benefits and harms, outcomes, costs, and ulti-
mately, clinical utility.

The following potential roadmap was developed by
participants in the GPHAC Population Screening work-
ing group through a series of facilitated discussions, as
a suggested starting point and educational resource
for groups planning to carry out projects involving ge-
nomics-based screening programs in the healthy adult
population. The roadmap will likely need to be updat-

ed as new evidence and technology becomes available.
Indeed, it became evident through discussions with
this group that much data are needed before we know
whether routine implementation of genomic screen-
ing in the population is warranted. As Wilson and Jung-
ner remind us in the epigraph above, implementing
screening is fraught with potential complications. It is
crucial that all efforts to pilot such an approach include
robust methods for subsequent data collection, includ-
ing outcomes, benefits, harms, and costs to lay a foun-
dation for evidence-based realization of the promise of
genomics-based screening programs.

This paper will cover the optimal genes to include in
genomics-based screening programs, the complexity
of identifying a point in time at which to begin screen-
ing, who should perform the screening, where the pro-
grams should be administered, along with ethical and
economic considerations.

of a genetic condition

Box 1 | Definitions Developed and Used by the Population Screening Working Group
in This Paper

Genomics-based screening programs: clinical screening programs that have the goal of examining
genes or variants in unselected populations to identify individuals at risk for future disease or adverse
drug outcomes for which there are clinical actions to mitigate this risk.

High-risk population: individuals who undergo genetic testing because of a personal or family history
Opportunistic screening: a screening program in which individuals receive secondary genetic testing

results while undergoing genetic testing for a different primary purpose

SOURCE: GPHAC Population Screening Working Group, 2018.

Optimal Genes for Genomics-Based Screening
Programs

After much deliberation, participants in the PSWG de-
cided that the first step in developing considerations for
those organizations interested in developing genom-
ics-based screening programs is to suggest the most
appropriate genes for possible screening and develop
a rationale for their use in such a pilot program. Given
the clear evidence of our current inability to reliably in-
terpret the results of genome-scale sequencing in the
general population [4], the PSWG chose to focus on a
more limited public health goal, namely the prospect
of targeting well-studied genes (and well-characterized
alleles within them) linked to conditions with well-

studied, effective clinical interventions for purposes of
primary screening in the general population. Such an
approach will allow for provisionally implementing and
investigating a targeted version of genomic screening
that stands the best chance of offering a high ratio of
benefit to harm in the general population.

In developing a list of potential genes for population
screening, the group considered the existing difficulties
inherent in variant assessment, the risk of false posi-
tive results, and the potential for over-diagnosis given
the low prior probability that those screened actually
have a disease. With this in mind, the existing recom-
mendations from the American College of Medical Ge-
netics and Genomics (ACMG) for opportunistic screen-
ing of existing data were considered [5,6]. Although the
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ACMG's list of 59 genes does include gene-condition
pairs where there is evidence for use of screening to
drive overt recommendations for beneficial medical in-
tervention, there is less supporting evidence for other
gene-condition pairs on the ACMG list. The PSWG de-
cided that 10 of the 59 genes, namely those associated
with the three conditions in the CDC's Office of Pub-
lic Health Genomics (OPHG) Tier 1 Genomics Applica-
tions, were fully in line with the screening priorities of
the PSWG [71].

The working group developed their own two-tiered
approach, and ultimately settled on a limited set of
genes that could fit within the following screening cat-
egories (that will be referenced throughout the pro-
posed roadmap):

«  “Tier 1" consists of those genes with high pene-
trance (the probability that disease will appear
when a disease-related genotype is present),
well-understood links to disease, and well-es-
tablished, effective interventions that result in
substantial prevention or mitigation of disease
or disease risk.

«  "Tier 2" consists of those genes that could be
possible candidates for screening but where
there may be disagreement about whether
there is sufficient evidence for population
screening. The authors believe that some
groups who wish to carry out pilot screening
programs may find certain genes compelling,
whereas others may not consider them to be
good candidates for screening. Examples in-
clude genes with certain characteristics such
as low penetrance (e.g., HFE mutations as-
sociated with hereditary hemochromatosis)
and/or a less complete knowledge base (e.g.,
PALB2 mutations associated with certain types
of cancer). Although there are no definitive and
universally agreed-upon criteria that qualify a
gene as a candidate for screening, it should be
emphasized that a strong justification regard-
ing specific actionability should be present. Tier
2 genes should be “close calls.”

The PSWG acknowledged that there could be cir-
cumstances where a pilot population screening study
may choose to include certain Tier 2 genes based on
features of the study population, expertise within
the study team, availability of high-quality secondary
screening tests, advances in the knowledge base asso-
ciated with the gene-condition pair, or other valid con-

siderations. In such cases it will be especially impor-
tant to have clear discussions with study participants
about the limitations of current knowledge and to col-
lect even more extensive follow-up data (e.g., clinical
outcomes, penetrance) given the increased, inherent
uncertainties of those genes.

In summary, although there are a number of genes
that could be considered for a pilot program, the work-
ing group focused on a set of three criteria in develop-
ing their Tier 1 list:

+ genes that, when disrupted by a pathogenic
variant, are associated with a high risk of devel-
oping a disorder associated with serious mor-
bidity and/or mortality;

« well-established, acceptable, highly effective,
and specific preventive interventions for those
identified as at risk; and

+ an established knowledge base regarding
the gene and the condition(s) associated with
pathogenic and likely pathogenic variants in
the gene.

The working group also discussed what genes and
variants would be in-scope and out-of-scope for popu-
lation screening, and these examples will change over
time as the evidence changes. Genome-wide associa-
tion study findings and risk-raising single nucleotide
polymorphisms, though a rich source of data, were
excluded given the wide breadth of relative risk, lack
of established clinical usefulness, and evidence limita-
tions thus far, as were nonmedical traits and condi-
tions with no available treatments (e.g., early-onset
Mendelian Alzheimer’s disease). In terms of reporting
results to the patient, the PSWG considered known
and likely pathogenic variants to be in-scope and vari-
ants of unknown significance (VUS) to be out-of-scope
in this context. All variants should be systematically
adjudicated by well-accepted and rigorous criteria [8].
Although the decision to exclude VUS findings is con-
sistent with ACMG recommendations regarding the
return of secondary findings, there are limitations with
this approach worth considering that are outside the
scope of this paper. For example, some VUS results will
ultimately be reclassified as pathogenic as more evi-
dence becomes available. In the future, screening pro-
grams may wish to consider mechanisms for reevalu-
ating these variants and recontacting participants.
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+  Genes with unknown or low penetrance

«  Efficacious interventions available
+  Follow-up confirmatory tests available

SOURCE: PSWG Working Group, 2018.

Box 2 | Suggested Tier System for Genomics-Based Screening Programs

*  Lynch syndrome-associated genes (MLH1, MSH2, MSH6, PMS2, EPCAM)
+  Hereditary Breast and Ovarian Cancer (HBOC)-associated genes (BRCA1, BRCA2)
«  Familial hypercholesterolemia (FH)-associated genes (LDLR, APOB, PCSK9)

+  Genes with a less well-established knowledge base

+  Examples including but not limited to PALBZ2, hereditary hemochromatosis, malignant
hyperthermia, hypertrophic cardiomyopathy, long QT syndrome, pharmacogenomic variants

Considering the Right Age for Screening

Screening is looking for disease in those who do not
have symptoms. In general, there are two types of
screening. The first type is done in the general popu-
lation, and the second type is done in those who are
at high risk for a particular condition. One example of
general population screening is phenylketonuria (PKU)
screening in newborns, performed because there are
immediate interventions available to prevent intel-
lectual disability in newborns with the condition and
because amelioration of the condition is not possible
once symptoms manifest. Additional examples of
general population screening include screening for
high blood pressure in adults aged 18 and older and
colorectal cancer screening in adults. High-risk screen-
ing in people with a personal and/or family history of
disease, or a known underlying genetic predisposition,
differs in intensity and/or starting age compared with
screening in the general population.

The age at which to start screening is determined by
many factors, including the prevalence of the disease,
its natural history, the sensitivity and specificity of the
test, and the effectiveness of the treatment. Although
genetic testing offers some advantages (e.g., no need
to consider repeat testing in most cases), the young
and evolving field is challenged with evidence gaps,
education deficits, and implementation issues, among
others.

Each Tier 1 condition is unique with respect to the
ideal age for therapeutic intervention for those who
carry pathogenic variants. Although the genetic results
do not change with age, it is likely that a single age
for all testing is not optimal. For example, there is evi-

dence that lipid-based testing for FH between the ages
of 9 and 11 is beneficial, because early interventions
can affect outcomes. However no DNA-based popula-
tion screening recommendations for pediatric FH are
currently in place [9]. In the case of HBOC, the National
Comprehensive Cancer Network does not recommend
initiating breast MRI screening until the age of 25. De-
spite this recommendation, the optimal age for screen-
ing for HBOC-associated variants still remains unclear.
It has been recommended that 30 years of age may be
the right time to screen women since few women will
have had a cancer by that age [10]. Others argue that
by 30 years of age some at-risk women will have devel-
oped cancer and many women will have had children
and would have wanted to know about their BRCA sta-
tus before conceiving.

Theissue is made more complicated because screen-
ing is based on the assumption that the penetrance of
a mutation in the general population is the same as
the penetrance in a high-risk population, but this is
not necessarily true. Thus, although we may know an
individual’s risk variant after screening, we do not nec-
essarily know the individual's specific disease risk con-
ferred by the test result. This makes accurate genetic
counseling and use of those test results problematic
for the patient and their providers, and could result
in undertreatment (e.g., insufficient management) or
overtreatment (e.g., unnecessary risk-reducing surger-
ies).

All of this means that the nascent nature of the field
should be acknowledged and care should be taken
moving forward. Although it is possible that in the
future, as the number of Tier 1 conditions increases,
“packaged” screening for more than one disease at
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a time will gain ascendance, for now, the decision of
when to screen the general population is likely to be
different for each indication until further data are
forthcoming. Finally, cautious implementation of
screening programs in the general population should
include careful, formal evaluation of the intended con-
sequences, including outcomes.

Who Should Perform Genomics-Based
Screening?

Screening the general population for the presence of
Tier 1 genetic variants offers the opportunity to save
lives and prevent disease; however, several impor-
tant issues should be considered before implementa-
tion. The first issue is the absence of guidance from
professional organizations and medical societies on
when genomic screening in the general (i.e., average-
risk) population is appropriate. This is not surprising,
given the lack of demonstrable clinical utility to date.
The development of guidelines on genomic screening
in the healthy adult population, clinicians and health
systems, and ready cost coverage by payers for ser-
vices related to genomic screening and follow-up will
be contingent on pilot studies and data aggregation
that demonstrate a sufficient evidence base. Limiting
initial screening to a panel of Tier 1 genes may make
the most sense in terms of the programmatic costs for
well-designed pilots.

The Role of Public Health
Screening
State newborn screening (NBS) programs have ex-
isted since the 1960s, and NBS is often considered
to be one of public health’s most singular achieve-
ments [11]. Most states indicate high levels of compli-
ance with NBS programs, often as high as 99.9 per-
cent [12]. However, such extraordinary compliance is
unique and largely a reflection of the fact that NBS is
considered so essential to the public good that “opt-
in” consent is deemed unnecessary. These factors do
not exist for any other screening program and will not
exist for genomic screening of adults likely because of
logistics, feasibility, lack of evidence for clinical utility,
and resources. Thus, genomic screening of adults will
require new mechanisms for collecting samples and
obtaining consent, along with ensuring appropriate
follow-up services.

It is likely that genomics-based screening could be
implemented in the health care delivery sector much
like population-based screening for aneuploidy in

in Genomics-Based

pregnant women or breast cancer and colorectal can-
cer screening of adults via mammography and colo-
noscopy. When stakeholders believe there is sufficient
evidence to support screening, as is the case with the
aforementioned examples, then offering such screen-
ing becomes standard of care for clinical practice and
is carried out in clinicians’ offices or other health care
settings [13]. It is worth mentioning that rates of pa-
tient compliance with adult health screening proce-
dures such as mammography and colonoscopy tend
to be far lower than NBS programs.

Even if genomics-based screening takes place in the
health care delivery setting, there is a role for the pub-
lic health sector. Public health practitioners routinely
work to implement validated applications with proven
health benefits and evaluate their effects on health
care or the health care delivery system [13]. The CDC's
core public health functions and 10 essential services
(Figure 1) create the framework for all public health ser-
vices, including public health genetics/genomics [14].
Collaborative approaches between health care orga-
nizations and the public health sector will have highly
desirable synergies.

Possible Settings for Genomics-Based
Screening Programs

When developing a genomics-based screening pilot
program, groups should consider the many options
that are available for reaching a wide audience. Some
potential settings for engaging populations and carry-
ing out genomics-based screening programs are de-
scribed below along with the rationale for and against
each scenario. This is not a comprehensive list, and
other models (e.g., nonstaff model HMOs) should also
be considered.

Payer-Provided (Integrated) Health Systems

Integrated health systems, specifically those that have
an attached health insurance plan, offer consider-
able opportunities for implementing genomics-based
screening programs. Because of the connections be-
tween providers and reimbursement systems in these
networks, there may potentially be fewer obstacles re-
garding the decision-making process to implement as
well as the requirements for reimbursing those servic-
es. While there is variation among integrated systems,
they are broadly defined as “an organized, coordinat-
ed, and collaborative network that links various health-
care providers to provide a coordinated, vertical con-
tinuum of services to a particular patient population

NAM.edu/Perspectives
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Figure 1 | The 10 Essential Public Health Services
SOURCE: Centers for Disease Control and Prevention. https://www.cdc.gov/stltpublichealth/publichealthser-
vices/essentialhealthservices.html (accessed June 14, 2018).

or community” [15]. Those systems are also financially
accountable and incentivized to work toward improved
outcomes in their patient populations.

Certain advantages inherent to integrated systems
may provide a good rationale for using them as a set-
ting to implement genomic screening programs. The
focus placed on health outcomes is one. For instance,
Gillies et al. found that integrated systems performed
at a higher level in terms of outcomes in preven-
tive measures like heart disease and women'’s health
screenings compared with nonintegrated systems [16].
If genomic screening programs were shown to improve
outcomes among the patient population, the coordi-
nated nature of integrated systems could encourage a
pay-for-performance model of reimbursement and re-
duce some of the economic challenges of implementa-
tion. Other rationales include access to a broader and
more diverse population in terms of socioeconomic
status and ethnicity as well as increased engagement
opportunities with patient populations. Finally, there is
less fragmentation of care and clear opportunities for
standardizing follow-up care for patients within such
systems since patients typically have all their medical
needs filled through a single administrative organiza-
tion. This reduces some of the complexities of imple-
menting risk-reducing modalities and tracking out-
comes.

On the other hand, integrated systems may also
have disadvantages. One is location and the associated
logistical challenges that arise when trying to coordi-
nate care across a large geographical area. For some
integrated systems, including smaller systems or those
located in rural areas, genetics expertise may not be
readily available. Although one could imagine that chal-
lenges related to expertise are not unique to imple-
menting genomic screening in this setting, a literature
review by Armitage et al. found that some integrated
systems had staff-related challenges when introducing
new skills or knowledge areas for new providers [17].
Finally, although integrated systems may have access
to a broader and more diverse patient population,
some individuals without coverage may also be exclud-
ed, therefore exacerbating disparities.

University-Associated or Research Hospitals

Forming an alliance with a university-affiliated or re-
search hospital to offer genomics-based screening
may encourage more widespread implementation
and better data collection than certain other models.
One example of such an approach is the New England
Newborn Screening Program, which has operated un-
der the auspices of the University of Massachusetts
Medical School since 1997. The New England Newborn
Screening Program serves families in five states and
provides high-quality, low-cost laboratory screening,
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clinical follow-up, and research to prevent or minimize
the effects of serious genetic conditions. One advan-
tage of this type of approach is that the university staff
who carry out the testing and analysis have a very high
comfort level with laboratory technology, collection
and analysis protocols, and steps for follow-up coun-
seling and treatment. Research or university-associ-
ated hospitals are often well prepared to handle the
logistics of a large-scale genomic testing program, and
their geography can be an advantage because they are
able to reach a large swath of the local population.
However, there are limitations to offering screening
through a university-associated or research hospital.
One such challenge is that other competing research
interests may make it difficult to secure funding for this
type of program. Funding that comes from short-term
grants may make it challenging to sustain a program
after the grant term has ended. Also, university-asso-
ciated research hospitals are often in urban settings,
which would potentially exclude rural populations from
participation. Finally, care is often fragmented in such
settings, making follow-up potentially less optimal.

Self-Insured Employers

A third arena in which to carry out a genomics-based
screening program is through a self-insured employ-
er's health benefit program. Heart disease and can-
cer are the two leading causes of death in the United
States [18], and self-insured employers have started
offering genetic testing for certain clinically action-
able conditions as part of an overall preventive health
strategy. There are several incentives for employers to
consider this approach, including the desire to detect
cancer and heart disease earlier. Furthermore, some
employers believe that offering health perks such as
access to genetic testing is an effective way to engage
with employees and increase their overall job satisfac-
tion. Another benefit to carrying out genomics-based
screening through self-insured employers is that all
participants have access to insurance coverage for any
necessary follow-up testing and preventive interven-
tions.

Genomics-based screening programs  offered
through self-insured employers present some possible
disadvantages as well. Certain benefits to the compa-
ny, such as long-term savings in health care costs, may
be realized only if employees remain at the company
for a certain period of time after the genetic screening.
In addition, care would need to be taken to ensure that
employees feel confident in their freedom to decline
to participate. Concerns about the privacy of health in-
formation may be relevant, given that individuals may

be worried that their genetic test results will be shared
with their employers. Protecting the privacy of employ-
ees and their health data is of the utmost importance,
and personally identifiable health information of par-
ticipants should not be shared with employers unless
there is proper consent to the disclosure of such infor-
mation.

Generalizability and scalability of such efforts are also
a potential disadvantage since, by definition, partici-
pants must be employed by participating businesses.
Although large corporations that can afford to facilitate
such a program often employ people from a range of
socioeconomic classes, screening may be cost prohibi-
tive for smaller companies, so testing may reach only
a limited audience (e.g., employees of a large corpora-
tion). Thus, there is a concern that rolling out screening
in such a setting could lead to significant weighting of
those screened toward those who are employed by a
large corporation.

Military'
Engaging the military around genomics-based screen-
ing is another option to consider. One reason this
may work well is that the military is already engaged
in genetic testing. For example, the US Air Force has a
Medical Genetics Center, which serves as the reference
genetics lab for the entire Department of Defense, as
well as its own Personalized Medicine Program that co-
ordinates a variety of genomics-focused projects [19].
This population, including service members and vet-
erans, may be motivated to volunteer for opportuni-
ties such as population screening, in which they can
contribute to both research and the improvement of
their own health and the health of their families. Lead-
ers of one genetic testing pilot project in the Air Force
(MilSeq) indicate that service members have not ex-
pressed fears about the misuse of genetic information.
Those who have declined tend to do so because of a
general disinterest in joining a research project.
Another unique advantage to including the military
is its meticulous collection and storage of health care
data of all active-duty service members and veterans,

1 The authors of this paper focused this section on genetics and genom-
ics programs available for military personnel. It is also important to note
that the Department of Veterans Affairs' (VA) Office of Research and
Development houses a genomic research program covering genomic and
phenotypic studies of recruited veterans into the Million Veteran Program
(https://www.research.va.gov/mvp/). The VA has surveyed veterans and
found support for genomic testing and the use of these data with medical
record information for large-scale interpretation, research, and analysis.
With regard to protection under the Genetic Information Nondiscrimina-
tion Act (GINA), VA benefits are not denied based upon a newly uncov-
ered germline genetic predisposition. Rather, it is assumed that veterans
were considered in good health upon conscription into the Armed Forces.
Secondary illnesses, including those with germline predisposition, would
not deter benefits for the veteran if not present at time of conscription.

NAM.edu/Perspectives
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and interoperability of that health data as they move
throughout the military health system. This health in-
formation follows them, their families, and survivors
throughout their military career and retirement (if they
choose to stay covered by TriCare and then the Vet-
erans Administration). In a health care environment
focused heavily on value, feeding targeted and action-
able genomics data into an already rich, integrated, and
contained data source can provide potentially helpful
health and economic outcomes.

There may be unique challenges associated with
engaging the military, particularly related to genetic
discrimination. Members are not covered under the
Genetic Information Nondiscrimination Act (GINA), al-
though several similar policies exist and apply to the
military population. Although previous policies stipu-
lated that service members would be denied benefits if
they developed a condition (including but not limited to
genetic) during their time of service that requires dis-
charge, the 2008 National Department of Defense Act
clarified that this is the case only if symptoms of the
condition were present at enrollment. In other words, a
diagnosis based on a genetic test result alone does not
constitute a preexisting condition. Specific branches of
the military may have additional policies and/or protec-
tions, however. For example, Air Force Instruction 36-
2706 explicitly prohibits discrimination on the basis of
genetic information. However, the military does have
a history of using genetic information to restrict an in-
dividual's participation in physically demanding tasks
(e.g., screening for hemoglobinopathies and glucose
6-phosphate dehydrogenase deficiency) [20]. Supervi-
sors may be particularly interested in screening results
for Tier 2 cardiovascular conditions such as long QT syn-
drome, which could potentially be used to preclude a
service member from participating in certain missions.
It will be important for any genomics-based screening
program to carefully consider the existing protections
and practices surrounding both employment and in-
surance discrimination, and provide informed consent
to participants accordingly. Finally, the selective (all re-
cruits and active-duty members are evaluated for fit-
ness) and self-selective nature of the military may lead
to representation challenges.

Informed Consent and Access to Genetic
Counseling

Regardless of the model(s) employed for implementa-
tion of pilot programs, access to expert genetic coun-
seling before and after the delivery of test results to
participants is critical. Entities implementing genomics-

based screening programs must ensure that partici-
pants have access to genetic counseling from trained
professionals, so that participants can get sufficient
and accurate information about the test results that al-
lows them to use that information to make decisions
about future medical care. Understanding the implica-
tions of positive results implies appropriate follow-up
so that effective prevention can be implemented. For
example, those found to have a pathogenic variant in
a Lynch syndrome-associated gene need referral for
frequent colonoscopies, those with a BRCA1/2 patho-
genic variant need referral to a high-risk clinic that can
educate and implement enhanced surveillance or risk-
reducing surgery, and those found to have familial hy-
percholesterolemia will require follow-up by a primary
care provider or cardiologist for appropriately aggres-
sive lipid management. Adequate education and re-
sources must also be in place for those who test nega-
tive, because it is critical for participants to understand
the limitations of a negative result within a targeted
screening approach. For example, negative BRCA1/2 or
Lynch syndrome testing does not exclude the possibil-
ity of other hereditary cancer syndromes.

It will likely be necessary to use creative service de-
livery models to address the limited workforce of ge-
netics professionals. Buchanan, Rahm, and Williams
describe several alternate service delivery models for
genetic counseling in their recent review, including
group counseling, nongenetics clinician counseling,
and pre-and post-test counseling [21]. The authors of
this paper would emphasize that in a broad popula-
tion screening context it will not be necessary for all
individuals to have contact with a genetic counselor.
Indeed, most screened individuals will likely not need
traditional counseling. However, access to professional
counseling is critical for those individuals with ques-
tions or unusual circumstances (e.g., a strong family
history of the condition being screened).

Population screening is a departure from the tra-
ditional approach of high-risk population testing, in
which individuals typically receive pre-test genetic
counseling that includes an in-depth discussion of the
benefits and limitations of testing, with particular at-
tention to the psychological and social effect that test-
ing could have on both an individual and a family. After
these sessions, some individuals ultimately decide not
to proceed with genetic testing for a variety of rea-
sons. It will be important for systems to consider the
resources available for providing pre-test counseling in
population screening programs. Such counseling may
be provided by other models rather than traditional
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genetic counseling (e.g., using prepared literature, vid-
eos, or web interfaces). Among other concerns, par-
ticipants should be aware of the limitations of GINA,
which currently does not protect against discrimination
for long-term care, life, or disability insurance. Again, all
of this is to say that systems should proceed with cau-
tion when implementing screening programs, ensuring
that recruitment strategies adequately address issues
of informed consent.

Engagement Strategies

If an institution decides to implement a genomics-
based screening program, a strategy for raising aware-
ness and encouraging participation should also be
developed and measured. Similarly, if an institution is
developing a pilot study or returning results about Tier
1 genomic conditions as part of an ongoing research
program, then strategies for both recruitment and lon-
gitudinal engagement need to be developed and mea-
sured. The strategies for awareness and participation
are similar to strategies for recruitment, whereas longi-
tudinal engagement requires separate considerations.

For health systems, researchers, and employers with
on-site clinics, large-scale participant recruitment can
be optimized through physical integration with on-site
clinics. For example, Geisinger's MyCode initiative uses
full-time consenters working with patients in outpa-
tient clinic settings to inform them of the program and
enroll them in this research initiative with consenting
success rates in the 80-90 percent range [22]. Other
recruitment strategies include recruitment through pri-
mary care physicians, advocacy groups, referral from
a past participant, and posters. In addition, structured
educational events held at the institution can be tied
to consent and/or sample collection. A growing body
of literature supports digital and social media's effec-
tiveness in recruiting study participants, including his-
torically hard-to-reach populations [23,24]. Although
consumer genetics companies such as 23andMe have
had success in using digital and social media to recruit
participants and collect longitudinal health data, the
target audience for screening initiatives is not well de-
fined, and without a defined denominator the recruit-
ment success rate is unclear.

Genomics-based screening is just the first step in
early detection and prevention of Tier 1 genomic con-
ditions. Ongoing engagement of participants is neces-
sary to ensure compliance with risk-appropriate sur-
veillance/prevention guidelines as well as to assist in
collecting necessary longitudinal research data. Health
systems should consider implementing downstream

research studies in conjunction with genomics-based
screening programs to fill the evidence gap in clinical
utility. The All of Us research program, an effort to col-
lect data from one million participants in the United
States to accelerate research and improve health, has
made it a priority to communicate and engage with
Americans from all communities, so there may be les-
sons and best practices to take away from that effort.
Engagement is particularly important for health sys-
tems that would like to conduct research, because it
enables further phenotypic, lifestyle, or wearables data
to be collected longitudinally. A number of digital strat-
egies can be deployed to increase both engagement
and compliance:

* Return of results—If participants have given
their consent, regular return of information
from the study organizers can offer many po-
tential benefits, including increased recruitment
and retention. Investigators should routinely
examine whether and how to return individual
results on a study-specific basis. Such informa-
tion may include ongoing aggregate data re-
garding participation, results, and publications.
The time and process through which results will
be communicated should be addressed in the
consent process.

e Use of mobile devices and secure internet
EHR portals—Mobile device apps and EHR por-
tals can be used to deliver educational disease-
centric content as well as create reminders for
annual screenings and medication.

* Family tree/history tools—Enabling partici-
pants to build their family tree digitally and
keep their own records of their family health
history can serve two functions: tracking how a
trait or condition can be passed down between
generations, and identifying other at-risk family
members. Family tree tools that can be shared
with family members may also serve to increase
awareness of population-based screening pro-
grams and encourage others to participate.

Economic Considerations

As genomics-based screening programs are introduced
into clinical settings to improve population health, the
economics of the clinical value and utility of genomic
information become critical in decision making. The
types of economic evaluation conducted depends on
several factors: (1) the chosen perspectives of the deci-
sion makers (e.g., societal, patient, third-party payers,
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health care system); (2) the outcomes of interest (e.g.,
life years saved, quality-adjusted life years saved); (3)
cost data (medical versus nonmedical cost); and (4) the
comparators. The value of comparison to an existing
practice of health care services or the alternative inter-
vention can help determine the added costs and health
benefits the new intervention provides over and above
the existing ones. Modeling can be used to compare
the expected value and cost across different strategies
(e.g., status quo standard of care versus genomics-
based testing diagnosis or comparing two new alterna-
tives) to provide decision makers with important infor-
mation.

Although any economic model may be complex,
there are special considerations in genomics-based
screening programs. The counting of the economic and
health costs for any screening program is profoundly
influenced by the time horizon (how far into the future
the effect of the outcomes extend). However, when
dealing with genetics, a well-described risk to other
family members and future generations is often sig-
nificant. Consideration must be given to whether and
how to count economic and health outcomes for fu-
ture generations and for current family members. This
also influences where to get the outcome data, since
any future economic and health costs may change with
new treatments. Although this also provides challenges
for creating the model, economic modeling can help
inform recommendations for health insurance cover-
age, evaluate the optimal strategy for adoption, and as-
sess the level of uncertainty in implementing genomic
testing in public health programs. This can be used to
compare the expected value and cost across different
strategies to provide policy makers with important in-
formation.

Cascade Testing of At-Risk Family Members

Within genetic testing, some conditions included in the
list of Tier 1 conditions may also suggest a potential
benefit in using cascade screening to identify at-risk
family members. Each first-degree relative of a proband
(the firstindividual in a family found to be affected with
a genetic disorder) with an autosomal dominant con-
dition has a 50 percent chance of carrying the same
mutation (not considering de novo variation). One goal
of cascade testing is to identify at-risk relatives who re-
quire careful screening from those who do not. Once
a proband is identified, a concerted effort should be
made to make testing available to their at-risk family
members. However, there can be significant barriers to
family communication about genetic risk information,

including psychological, educational, and geographical
challenges. It is important to consider family dynamics
and ethical factors, including preserving confidentiality
and privacy, minimizing psychological harm and genet-
ic discrimination, and balancing the right “not to know”
with “duty to warn,” among others [25].

In her paper cited above, Sturm also discussed sev-
eral challenges in cardiovascular cascade testing that
may be relevant for other conditions, including barri-
ers to reimbursement for genetic counseling services,
insufficient knowledge about genetic risk assessment
by health care providers, a shortage of genetic coun-
selors (especially in rural areas), and an individual ap-
proach to disease prevention as opposed to a family-
centered design [25]. Although traditional methods of
communication usually involve communication among
family members and/or clinicians, screening entities
can provide assistance. For example, when individu-
als test positive for a pathogenic variant, they can in-
form first-degree relatives by using a letter provided
by the testing entity that is written in simple terms.
In addition, commercial genetic testing laboratories
have developed web-based programs that facilitate
lower-cost testing for at-risk relatives. These programs
are designed to reach across health systems, states,
and countries in a regulatory compliant manner. The
GPHAC Cascade Screening working group is identifying
some of the potential opportunities for implementing
cascade screening more widely and plans to develop
tools and publications highlighting them [26].

Ethical Considerations for Genomics-Based
Screening Programs

Ethical considerations should loom large when con-
templating large-scale population screening. The eth-
ics of genomics-based population screening can be
viewed from both clinical and public health perspec-
tives. Therefore, developing such screening programs
demands a hybrid clinical-public health ethical ap-
proach.

Clinical ethics tends to focus on individual autonomy
and issues related to respect for people, including pri-
vacy, consent, and reporting requirements. By contrast,
public health aims to promote and maximize popu-
lation health, often through systemic measures and
policies that adopt a utilitarian approach that weighs
opportunities and benefits against costs and harms
and attempts to maximize beneficial outcomes for the
majority of the population. On the issue of justice, clini-
cal ethics focuses on individual access, whereas public
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Clinical Ethics Focus/Tendency

Public Health Focus/Tendency

Treatment

Prevention

Individual patients

Populations and communities

Clinicians making medical interventions

Wide array of intervention types

Fiduciary relation to patient

Public stewardship

Authority derives from prestige

Authority based on police powers

Enforcing rules of professional conduct

Law viewed as key policy tool

Individual benefit and harm

Greatest net social good

Justice centers on patient access to care

Social justice and health equity primary

Personal autonomy

Relational autonomy, interdependence

Informed consent

Community engagement, resonance with
community values

Table 1 | Different Ethical Considerations from a Clinical Versus a Public Health Standpoint
SOURCE: Adapted from Ortmann, L. W., and D. H. Barrett. 2016.

NOTE: Public health ethics: Global cases, practice and context. In Public Health Ethics: Cases Spanning the Globe,
edited by Barrett, D. H., L. W. Ortmann, A. Dawson, C. Saenz, A. Reis, and G. Bolan. Springer.

health tends to focus on how to fairly distribute social
goods among a group. Table 1 below contrasts the per-
spectives on ethics from a clinical standpoint versus a
public health standpoint.

Whereas autonomy in clinical ethics often trumps
other considerations, many issues in public health
arise as a result of conflicts between personal liberty
and the common good. Examples where the common
good takes precedence include mandating vaccines for
school entry, restricting smoking in public buildings,
and barring people from flying in commercial aircraft
if they have a highly infectious disease such as multi-
drug-resistant tuberculosis.

Can an analogous public health ethics rationale be
provided for the case of genomics-based screening?
For example, consider a high-risk group for a particu-
lar genetic condition that can be prevented by timely
screening and treatment. Do those individuals have a
duty to be screened? What if waiting for symptoms to
manifest would raise treatment costs over a lifetime?
Their individual decision not to screen could burden
the health system and indirectly harm everyone else
by diverting resources from other, more urgent condi-
tions to what would have been an easily preventable
condition. The reasoning here is related to why insur-
ance companies have higher premiums for smokers;
namely, they indirectly raise costs on the system for
everyone, including nonsmokers.

Ethically speaking, these remain contentious issues.

Further debate and discussion involving multiple stake-
holders, as well as robust outcomes data and cost-ben-
efit analyses of screening, will be important in helping
society make decisions around implementation of ge-
nomic screening.

If, as outlined above, the goal of genomic screening
of populations is to help maximize public health, then
one can argue that whether to screen at all, and what
to screen for, are salient ethical issues, because each
commitment to finding a Tier 1 genetic predisposition
presents both an opportunity and a cost. In the context
of newborn screening (NBS), the Wilson-Jungner crite-
ria have provided a guide for what conditions to include
on state-mandated screening panels for more than five
decades [1]. Examples of criteria for the inclusion of
certain diseases include significant morbidity and mor-
tality and the availability of effective treatment. Howev-
er, the process of selecting which conditions to include
on NBS panels is not straightforward. Moreover, al-
though testing for additional conditions may only mini-
mally increase the up-front cost of an NBS test, there is
the risk of unforeseen harms through false positives (in
the case of rare conditions) or the discovery of condi-
tions with variable presentations, ages of onset, and/
or insufficient adverse outcome data. Similar complica-
tions pertain to the consideration of population-based
screening for adult-onset diseases: what constitutes
an “actionable” genetic predisposition, and who gets
to decide? How often will “the list” of those screened
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for genes and/or diseases be revisited, and by whom?
What steps will be taken to ensure the validity of the
information communicated to patients?

Once the decision to screen for particular causative
alleles has been made, there is an ethical imperative
for those whose health is at greatest risk to be ensured
access to available screening at minimal financial cost
to them. In the context of screening under the aus-
pices of self-insured employers or integrated health
systems with attached insurance plans, complications
arise, since most individuals are not employed by the
same entity for long periods of time. Likewise, in the
fragmented health system of the United States, where
access to health care is dependent upon employment
and political vagaries, ensuring access to needed pre-
ventive modalities looms as a major problem confront-
ing the success of genomic (and all other) public health
efforts.

NBS is instructive here as well: although it is typi-
cally performed without regard to insurance status or
parents’ ability to pay, most states collect a fee for it
[27]. In some cases, this fee is covered by the patient’s
insurance, but for low-income families it is often cov-
ered by the State Children’s Health Insurance Program
or Medicaid. Of note, conditions on the Recommended
Uniform Screening Panel are considered preventive
services that certain insurance companies are re-
quired to provide coverage for under section 2713 of
the Public Health Service Act. Preemptive protections
for individuals being screened should be considered
and discussed.

Delivering and paying for genomics-based screen-
ing becomes even more complicated in ways that NBS
is usually not when one considers the likelihood that
any predisposition that is identified in the screening
will be shared with family members and hence suggest
the need for identification and cascade screening of
first-degree and possibly more distant biological rela-
tives. Given that any such genomic program will find
a nontrivial number of Tier 1 alleles in the population
[28], screeners will be obligated to develop a plan to as-
sist the positive-result recipient with informing family
members about potential risks to them (as well as ca-
veats about false-positive and false-negative findings)
[29]. Again, this will require planning to accommodate
for the costs, tools, and other resources necessary for
additional screening, counseling, and follow-up refer-
rals for treatment [30].

Questions of privacy, confidentiality, and access
to data are intrinsic to any genetic screening or test-
ing program. One obvious and reflexive approach to

mitigating these is to embed them in informed consent
documents. Unfortunately, consent forms are often
poorly understood [31] and poorly recalled [32]; they
can often appear to be exercises in liability mitigation
rather than clear explanations of experimental proce-
dures designed with the patient or research participant
in mind [33, 34, 35]. Efforts to optimize consent for ge-
nomics-based screening programs should be pursued,
particularly if included alongside other routine health
screenings. Ideally, any large-scale screening program
would initiate community consultation well before pa-
tient/participant recruitment. Investigators might also
consider remote, video-based (or other visual), self-
guided consent processes [36]. Such processes should
also include a frank discussion of the limitations of our
current knowledge and management recommenda-
tions, as while as information about what happens in
the event of a data breach.

Conclusion

The advent of massively parallel sequencing has al-
ready transformed the clinical practice of medical ge-
netics, serving as an indispensable tool for the diagno-
sis of diseases that have a primarily genetic etiology.
The ability to readily examine panels of selected genes
or entire exomes or genomes is a valuable adjunct to
the diagnostic process, but currently remains directly
applicable to a relatively narrow range of patients—
that is, those with Mendelian disorders.

How we might use this same technology to benefit
the general population is one of the most exciting tasks
now confronting the field of genomics. The potential
gains inherent in worthwhile public health interven-
tions are enormous, in part simply because of the high
number of those receiving the intervention. However,
for the same reason, public health interventions carry
significant potential risks, and examples of screening
modalities that have stood the test of time and have
been demonstrated to be worthwhile are limited. Un-
like in the clinical setting, public health applications are
implemented en masse. Those on the receiving end of
public health interventions start from a position of ap-
parent health and may never fall ill from the targeted
disorder, regardless of a particular intervention. More-
over, in public health, there is a distinctly different rela-
tionship between provider and recipient, in that in the
public health setting, recipients are typically not seek-
ing out the intervention but, rather, are being advised
to receive the intervention.

Some have advocated for limited DNA sequence
data acquisition and interpretation, modeling the way
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cystic fibrosis carrier screening is applied, whereas
others have advocated for broader data acquisition
with limited interpretation. The broader-acquisition
approach is founded on the supposition that the net
costs of a program in which the number of target con-
ditions expand over time, the way NBS has, will be low-
er if a single assay is periodically reinterpreted instead
of paying for repeat assays. Although the best working
model for data acquisition remains to be determined,
it seems clear that for population screening the capac-
ity exists to offer interpretation on a very limited num-
ber of genes (i.e., Tier 1) at this time.

Such considerations absolutely do not negate the
enormous potential for applying genomics in a public
health context—but they do imply that a significant
measure of caution should be applied as we pursue
this exciting prospect. It is clear that at present we do
not know how to interpret the results of genome-scale
sequencing in the healthy population; our inability to
reliably assign pathogenicity to variants, the tendency
toward overinterpretation, misinterpretation, and our
simple lack of knowledge about the natural history of
most genetic disorders argue convincingly that it is
premature to implement genome-scale sequencing in
healthy individuals outside the realm of research [3,
37-40]. However, we do have a reasonably solid grasp
of what the implications are for individuals who carry
a pathogenic variation in a few of the approximately
22,000 human genes. This is a good place to begin, with
implementation of a targeted sequencing approach
that focuses on those few genes that we understand
sufficiently to apply to populations.

But even in this context of careful, targeted appli-
cation, caution is warranted. Lessons learned from
population screening should be carefully considered
and applied to genomic screening programs. Although
there is much to be learned from successes through-
out the history of public health, we should also bear in
mind examples where applications were prematurely
implemented and only later found to cause more harm
than good. Thus, as careful programs of targeted se-
quencing of populations are pursued, we must care-
fully assess penetrance in the unbiased population
setting and collect data on health outcomes to be sure
that those screened benefit from the process. We will
need comprehensive data on costs to be sure that such
interventions are worth pursuing in the broader con-
text of medicine and society. Finally, we must be cog-
nizant of recipients’ acceptance, understanding, and
attitudes toward these interventions and work hard
to ensure that access to the fruits of such efforts are

broadly available and harms are not disproportion-
ately distributed among the population. The future of
public health genomics is bright; let us pursue it wisely
and responsibly.
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